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PREFACE TO THIRD EDITION 
OF VOLUME II 

In this edition the opportunity has been taken of making certain 
corrections which have been kindly brought to my notice by 
various correspondents In addition a certain amount of new 
material has been incorporated so as to bring the book up to 
date as far as possible The principal additions are in Chapter 
VII, the e m f method of determining the transport number of 
an ion as employed by Macinnes and Parker, an account of the 
investigation of Richards and Darnells on thallium amalgam 
cells, and Tolman’s work on centrifugal cells , in Chapter VIII, 
an extended section dealing with ionic activity and ionisation, 
chiefly the work of the American School of Physical Chemistry 
The problem of the activity of undissociated molecules is also 
considered In Chapter XI, a r6sum6 of the experimental 
evidence for Donnan’s theory of membrane equilibria is given, 
and a fairly full account of the concept of the micelle in elec- 
trolytic colloids. 

W C McC LEWIS 


Muspratt Laboratory of Physical 
and Electro-Chemistry, 
University of Liverpool, October y 1920 
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VOLUME II 

CONSIDERATIONS BASED UPON THERMODYNAMICS 
CHAPTER I 

Elementary Consideration of the Principles of Thermo- 
dynamics 

The science of thermodynamics deals with the laws and relationships 
which govern the quantitative transformations of energy of one sort into 
energy of some other sort during physical or chemical changes in a 
system The name suggests the mutual relation of heat and motion, 
but the principles involved have a much larger scope, and may be ap- 
plied under given conditions to all forms of energy The charactenstic 
feature of thermodynamics is that it permits us to deal with energy 
changes involved in a physical change of state, or m a chemical reaction 
without m any way requiring information regarding the molecular 
mechanism of the process under investigation The conclusions which 
we shall arrive at on the basis of thermodynamics are thus independent 
of any molecular hypothesis we may have formed m respect of the 
process. This, it will be seen, is in many ways a very great advantage 
It means that the conclusions of thermodynamics are quite general, 
and will remain true even if our views regardmg the actual mechanism 
of the process considered from a molecular standpoint were to undergo 
radical change Of course it will be seen as the converse of this that 
thermodynamical reasoning and conclusions, although true and general, 
do not tell us anything of the mechanism involved in a given process 
This IS naturally a considerable drawback, for advances in theoretical 
treatment seem to be most easily made along mechanical lines of 
thought, i e with the aid of molecular hypotheses At the present time, 
therefore, the line of attack upon any problem which promises to be 
most successful is, in general, that in which we make simultaneous use 
of both generalised principles (thermodynamics) and the specialised 
principles (such as the Kinetic Theory) In Vol. I the problems of 
VOL IL I 
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equilibrium in physical and chemical systems, and the behaviour of 
systems not in equilibrium, have been studied from a molecular stand- 
point In the present volume we shall study the same problems from 
the standpoint of thermodynamics, bringing out as far as possible the 
general relation of thermodynamical conclusions to the conclusions 
drawn with the help of the Kinetic Theory It is, of course, necessary 
first of all to obtain some information respecting the general ideas 
underlying the science of Energetics or Thermodynamics, and this 
matter forms the subject of the present chapter 

The classical theory of thermodynamics may be said to rest upon 
two mam laws, or fundamental principles, known as the First and 
Second Laws respectively Recently another principle has been brought 
forward by the noted German scientist, Professor Nernst, of Berlin, 
which seems likely to ultimately take its place as a third law This 
principle and its applications are discussed at the conclusion of our 
study of affinity (Chap XIII ) For the present we shall confine our 
attention to the First and Second Laws 

The First Law of Thermodynamics 

This law IS simply a statement of the principle known as the Con- 
servation of Energy, according to which energy can be changed from 
one form to another, but can never be destroyed Before discussing 
this let us consider briefly what we mean by the term energy 

When a body or system can do work against a force it is said to 
possess energy How are we to obtain a measure of this energy ? This 
is effected by regarding the decrease in energy as equal to the work 
done When the energy arises from motion — say of the molecules of a 
system, or of the system as a whole in space — it is called Kinetic 
Energy When it anses from the relative position of bodies it is called 
Potential Energy From the standpoint of thermodynamics, however, 
we do not distinguish the origin of energy whether it be kinetic or 
potential (as this would really involve molecular hypotheses) , instead, 
we deal simply with the energy possessed by a body, or more frequently 
with the energy gained or lost by a system when the system undergoes 
a given change, without specifying more closely whether the energy 
thus lost or gained is kinetic or potential in nature It is important 
to notice that although we can mentally conceive of the idea of a given 
substance or system possessing energy, we are unable to give this a 
numerual value What we can do, however, is to ascribe a numerical 
value to the change in energy involved in a given process , and it is 
with such changes of energy, t e either gam or loss of energy, that 
thermodynamics deals A simple illustration of a mechanical nature 
will make the distinction clear Suppose a body having the mass of 
I gram falls a distance of i meter towards the earth under the action 
of gravity The loss of potential energy sustained by the body in thus 
altering its position is i gram-meter, this being the work done in the 
change considered We do not know the absolute value of the poten- 
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tial energy of the body m its initial position, but we do know that in 
its final position it has lost an amount, i gram-meter Now, the study 
of mechanics has made us familiar with the idea that the term “ work,'’ 
or eneigy,^' is a composite one, being always expressible as the product 
of two terms, one term being known as the “ intensity factor,'* the other 
as the “capacity factor’' The simplest conception of work or energy 
IS to regard it as the product of force into distance The force is the 
“ intensity factor," the distance the “ capacity factor " A force has the 

dimensions ^ and a distance the dimension L, so that energy or 


work must have the dimensions 


ML2 

T2 


Even when the actual energy 


IS not simply force x distance it must still have the dimensions above 
ascribed to it Thus let us consider another sort of simple process in 
which work is done and the equivalent energy expended, namely, the 
isothermal expansion of a gas against the atmosphere or other pressure 
Suppose the initial volume of the gas was z; c c , and the inciease in 
volume is a very small one dv Suppose p is the atmos- 
pheric pressure (in dynes per square centimeter) Let 
us suppose the gas is in a cylinder fitted with a weightless, 
friction less, movable piston as m Fig i The surface 
area of the piston may be A cm ^ In the equilibrium 
state the pressure above and below the piston must be 
^dynesN 


identical (/<?/• 


cm 




Under these conditions the piston 



The 


would remain motionless for an infinite time Suppose, 
however, that the gas pressure, te the pressure exerted 
upon the lower side of the piston, is something greater than p 
gas will tend to push the piston outwards Suppose it does so 
through an infinitely small distance dx The work done = force x dis- 
tance = X A) X but Kdx = dv , 'woik = pdv Now, m 
performing this expansion against the external pressure the gas has 
done work upon the surrounding atmosphere, or, in other words, it has 
caused energy to be expended We shall speak of the source of this 
energy in a moment The expression for the work done is simply 
the pressure into the increase in volume, namely, pdv We see that 
this term actually represents work, for it has the correct dimensions, 
ML^ 

namely, and may be ultimately expressed as force x distance 

The source of the energy which has been used in the work of expansion 
if the temperature has been maintained constant, is the heat which has 


, ^ i mass X velocity , , . length 

1 Force is mass x acceleration *= — — — - and velocity = -rjzrr* 

time time 

noting the dimensions of mass by M, length by L, and time by T, we can wpte 
the dimensions of force as being — ^ — 
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been drawn from the surroundings This is an “ isothermal expansion 
If we had enclosed the gas in a “heat tight” case and allowed it ^ “o 
work we would have found that its temperature would have fallen 
(though only to an infinitely small extent, if the expansion was infinitely 
small) In the latter case the work is done at the expense of the heat 
energy of the gas itself By this heat energy we mean the kinetic 
energy of the molecules, for heat, properly speaking, does not reside tn 
a system, being transferable from one system to another, but always 
undergoing transformation into something else (« e say, into ^ineUc 
energy of the molecules) after its addition to a system It will be 
observed that in order to keep the temperature of the gas constant 
whilst expansion proceeds we have assumed that heat is given to the 
gas from its surroundings in order to compensate for the cooling effect 
of the expansion itself This really involves the principle of the First 
Law, for what we have actually done is to transform heat energy into 
mechanical energy, the gas simply actmg as the medium 

Besides heat and mechanical energy we are acquainted with many 
other forms of energy, t e electrical energy, magnetic eneigy, radiant 
energy, surface energy {i € the product of surface tension of a liquid into 
the area of the surface), and chemical energy All these must ultimately 

be expressible by the expression Now, the First Law deals with 

the transformation of any kind of energy into any other kind, and 
accordmg to the law, when a certain amount of one kind disappears an 
exactly equivalent quantity of some other kind must appear Whep a 
bullet stakes a target there is heat produced, the amount of heat being 
equivalent to the kinetic energy which the bullet possessed just before 
striking If we lose too ergs of mechanical energy in some process we 
must gain loo ergs in some other form — heat, for example, for energy 
can neither be created nor destroyed as a whole This is why perpetual 
motion is impossible , it is more accurate to say that in the experience 
of mankind, no instance of perpetual motion has been recorded, and 
we have therefore concluded that such is impossible This is stated by 
the First Law The First Law is a law of experience, just as the Second 
Law IS, as we shall see later Assuming the validity of the First Law, 
we are led to make a determmation of the so-called “mechanical 
equivalent of heat,” an experiment carried out in the first instance by 
Joule, and later by Rowlands and others Joule’s determination of the 
equivalent consisted in placing some water in an isolated vessel and 
then rapidly rotating a paddle in the water He observed that the 
temperature of the water rose— just as Rumford, many years previously, 
had observed that in the bonng of a cannon the faction caused the 
metal to become extremely hot With Joule s arrangement it was pos- 
sible to obtain a quantitative connection between the mechanical work 
done in stirring, and the heat added to the water, as evidenced by the 
nse in temperature The paddle was worked by means of a falling 
weight, the working agency being therefore gravitation Fnctional 
effects were reduced as far as possible Knowing the weight of the 
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falling body, and the distance through 

done by gravitation can be directlj obtained^ capaS^f the water 

determinations agreed closely with Joule nressurel we have 

work IS done by the expansion of a 

assumed that the ternperamre lork 

'fl"kSSrXdS1ha «! ■»“ 

of the First l^aw regaramg nrecision to our statement 

mechanical energy, and mce versd , For 

T7irct T aw we want to be able to express ir aigcumi'-o. jr 

S=~S-?S£SS*S 

“■' to. m., b. absorbed or evolved b, .he 

A certain amount of external work is either performed by the 
Th^internd^ energy of the system may ^a^® ^Jmsm*^ °Often 

S!rKs r;r(S.rrrMsr2 

-T^ienStSe E evolved) Algebracall, .h» sh..emeM takes 

the form— ^ ^ ^ or U = A - Q (■') 

f'onsider a svstem m which a chemical change occurs without altera- 

,r„„‘iE™e,lS “..boo. doj^ahg fo,» “f “SS 

the internal energy decreases by the amount U , Th« energ^y ^leave^ 

has been kept constant 

U = - Q. 

Even when the reaction cannot be carried out ^‘^hout a change in 
STml (say an increase in volume) the heat equivalent of the work 
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done by the system in expanding, against the atmosphere, say, can be 
calculated, and this amount is added to the observed heat evolved to 
give the quantity — Qy The symbol Qt; must not be confused with Q 
As a matter of fact, Q is m many cases (though not always) a much 
smaller quantity than Qv Q is often called a ‘‘ latent heat ' If a 
process occurs and does work A of any kind (not necessarily mechanical), 
and at the same time the internal energy of the system diminishes by 
the amount U, then the term Q simply stands for the difference of the 
two terms A and U Q is not a measure of U at all In some cases 
(A - U) may be almost zero, % e A and U may be nearly equal, and 
therefore Q may be nearly zero, and this may be so when both A and 
U (or - Qu) possess large numerical values In other cases, however, 

U (or - Qt;) may be very small, in which case the work done (A), 
which may be great, is at the expense of the heat taken in, viz Q. 
This IS very nearly realised m the work done by an expanding gas 
Naturally these terms must be expressed in the same units, say calories 
Note also that in the above nomenclature + U represents a decrease 
in the internal energy and - XJ therefore represents an increase m the 
internal energy of the system (The sign here has significance with 
respect, not to the system itself, but to the surroundings A gam in 
energy to the surroundings must mean loss in energy to the system ) 
The term + A represents external work done hy the system on the 
surroundings, - A represents external work done upon the system by 
the surroundings 

+ Q represents heat added to or absorbed by the system 

— Q represents heat taken from or evolved by the system 

The Concept of Maximum Work 

In returning to the question of the work done in the expansion of a 
gas. It will be observed that we considered an increase in volume so 
smdl that the pressure of the gas had remained constant Suppose now 
that we consider a finite change in volume from V\ to v% Since the 
system is a gas we know that on increasing its volume its own pressure 
will decrease. The work which can be got out of the gas will depend 
upon the opposing pressure, and it is clear that it depends upon the mag- 
nitude of this opposing pressure whether the gas can expand up to v^ or 
not. If the opposing pressure is always less than that possessed by the 
gas, even at the large volume V2, the piston on being released will move 
rapidly froih Vi to v^, the work done hemgp{v2 - Vi) But this work is 
not in any sense a definite amount characteristic of the pressure of the 
gas, for / is the external opposing pressure It is evident that the work 
done by the gas can vary {even when expanding between the same volume 
limits), depending on the values of the opposing pressures If the opposing 

pressure is zero the work will be zero Is there an upper limit to this 
work term? To get at this we have to consider the work done from 
the standpoint of the pressure possessed by the gas itself Let us first 
of all ask the question. What are the conditions under which a gas 
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b, pkcd .n order that a v«y smU 

/S'for the product dp dv is^ of the s^corid order of magnitud^ 
bemg the product of two infinitely small quantities If ^^ernai 
pressure had been exactly equivalent to p the ^ L t^g 

iS^:»ESS» 

cmJe in the'voluL of ^he gas It will ^e/een 

pressure conditions the process is a reversible one .I*"!; ^e- 

?he same vol-e 

^ When Pl-ce m this way it is accompanied 

FyCximum work, so that the production 

characteristic of a process which is being carried latpr 

m^Sr We shall speak at greater length of reversible processes later 
on It may here be Lted that since the external pressure is so arranged 

Zt leT« pos^ssed by tho gao .s ,.st .b o to ovgcomo d. tbo 

So tototmd.te.m,»..oamo»ot No toon effects tjko itoato 

2rsrnn= s= 

°S?JtrreSSS^^^ .oSS .nd do .p,k 

Ind veT keep the temperature constant IS then the “heat content of 
the surroundmgs In a reversible process the heat taken in from the 
qurroundines during the volume expansion is exactly the same in 
amount as^the heat^given back to the surroundings when the gas con- 
tracts isothermallyand infinitely slowly to its 

had been a net loss or gain of heat, say, as a result of the ^ 

non the process is called an irreversible one, for on ^ 

nrocess isothermally there would be a permanent change in the heat 
Snt” TS system and surroundmgs A reversible process is 
essentially one in which the change takes place in a known and defini 
rannTthem beTng no “accidental” energy transformations taking 
“pendent on^he/... followed,.. <iependent on 
structure shape, or properties of the system Of course a reversioie 
process is only a limiting case It cannot be 

a » fnctionless piston,” an “ infinitely slow process with a P'^®®®me 
difference infinitely small ” on the sides of the pislon, is only mentally 
realisable The significance of reversible processes and maximum wor 



8 


A SYSTEM OF PHYSICAL CHEMISTRY 


production will be clear when we come later to study the Second Law 
of Thermodynamics 

We have been considering how the maximum work can be done by 
a gas expanding through an infinitely small volume dv We have now 
to consider the maximum work pioduced when a gas undergoes a 
measurable volume increase from Vx to % We know that the pressure 
of a gas falls as the volume increases We cannot, therefore, use the 
expression/(2J2 ~ ^i) expression for the maximum work In fact, 

we cannot think of the external pressure on the piston remaining con- 
stant It must also continuously decrease in the same proportion as 
that of the gas pressure itself, being at any stage only less than that of 
the gas itself by the infinitely small amount dp To find out what the 
maximum v/ork is we have to suppose the total expansion carried out in 
a series of infinitely small steps, each being represented by the product 
of the existing pressure into a small volume increase dv and then add 
them all together Analytically we can express it thus — 

Total maximum work done in expansion from Vx to 



In order to carry out this integration we must know p in terms of v 
If the system is gaseous we can make use of the gas law, viz — 

pv = ;?RT 

where n is the number of gram-molecules of gas in volume and R 
is the gas constant Substituting this value of p m the integral we ob- 
tain — 


Work done = 




= «RT log^, (where log = logg) 

The maximum work done when one gram-mole of gas expands isother- 
mally and reversibly from Vx to is therefore — 


RT log-l 

Since we have already assumed the gas laws for the system considered 
we can evidently write this expression in an alternative form, vtz — 

P\ 

Maximum work per gram mole = RT 

It may be pointed out, parenthetically, that in the isothermal eva- 
poration of a liquid we have a case in which there may be a large volume 
change, the pressure remaining constant, namely, the pressure of the 
saturated vapour Suppose a cylinder fitted with a piston contains 
some liquid and saturated vapour Let us consider what is the value 
of the maximum work which will be done when one gram-mole of the 
liquid is vaporised We suppose that there is more than one gram-mole 




p , 
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of liquid present to start with, so that throughout the whole operation 
the vapour is saturated Suppose the piston (Fig 2) is raised in a re- 
versible manner, t e infinitely slowly, the pressure outside being very 
nearly the value of /, the pressure of the saturated vapour (? ^ the 
pressure outside the piston) is / - The process is assumed to take 
place isothermally, and hence heat must be continuously supplied from 
the outside to supply that which has become latent in the process of 
vaporisation If the increase in volume of the vapour corresponding 
to the production of one gram-mole of vapour is V, and the decrease in 
the volume of liquid at the same time is v, the maximum external work 
done by the system as a whole is ^(V - v\ 

In general we can neglect v compared to V, 

The work is then Further, if we assume 

that the vapour obeys the gas laws, we can 
write maximum external work done in vaporis- 
ing one gram-mole of gas = /V = RT where 
R IS 1 985 calories and T the absolute tempera- 
ture It may be noted that the piston may 
start from any level, t e from the surface of the 
liquid itself or from any position above, for we 
only deal with change in V, not with the initial 
volume actually possessed by the system The 
student will note that it has not been necessary 
to take into consideration the actual value of Fig 2 

the heat quantity added One must be careful, i i j 

however, not to imagine that the heat added and the external work done 
are identical in this case In fact, the heat added is very much greater 
than the heat equivalent of the external work done There has been a 
considerable change in the internal energy of the gram-mule of liquid due 
to Its vaporisation In the case of water, for example, the heat required 
to vaporise one gram at 100° C is about 540 calories The external work 
done (A) against the atmosphere is about 40 calories, the so-^lled 
“external latent heat,” leaving 500 calories as the “internal latent 
heat ” This term represents the change in U which has taken place in 
the transforming of one gram of liquid water into water vapour lor 
the whole process — 

U = A- Q or Q==A“U 

In the above we have, however, only been dealing with the magni- 
tude of the single term A 

iThis case should be contrasted with the previous one, namely, the production 
of maximum work by the expansion of a perlect gas In the ca.se of the gas, the 
heat which had to be added in order to keep the temperature of the gas constant 
during the expansion was quantitatively converted into the work done In the case 
of a perfect gas, as we shall see later, there is no change 
when expansion takes place That is, U — o and therefore A J 
added from the surroundings is exactly equivalent to the work performed by the gas 
In short, the gas acts as a transformer of heat into work 


Final position 
of Piston 


initial position 
cf Piston 
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Maximum Osmotic Work in Solutions 

We are already acquainted with the fact that a solution, such as a 
dilute sugar solution, obeys the gas laws Let us regwd this as an ex- 
perimental fact— as it has indeed been shown to be Now, the process 
of diluting: a solution is a familiar one, and we can see that, una 
certain conditions, this is analogous to diluting a gas, t e increasing the 
volume of the gas It seems justifiable, therefore, to conceive of work 
being done by the solution, or rather by the solute in the solution dur- 
ing dilution, for we have here the two necessary factors, pressure \t e 
osmotic pressure) and volume change In order to make the ddution 
process as mechanical as possibL, and thereby bnng out f 
to the expansion of a gas, we have recourse to a device called 
permeable membrane, with which we are already familiar in our preyiou 
Lcussion of solutions The semi-permeable membrane allows solvent 
to pass freely through it, but not the solute, i e the solute can exert its 

osmotic pressure against the semi-permeable membrane 

^ sent purpose of calculating 

maximum work it does not 
matter in the least whether 
we can realise in practice 
such a membrane or not, for 
we are considering a limit- 
ing case in either event As 
d matter of fact, however, 
several semi-permeable mem- 
branes (or practically semi- 
permeable membranes) have 
been used in practice, not- 
ably that consisting of copper 
ferrocyamde, deposited in 
the walls of a porous pot which, while it allows water to pass fredy 
through It, altogether prevents the passage of sugar dissolved in the 
water 

Suppose, now, we had a quantity of solution in a cylinder, and above 
the solution a layer of pure solvent, a semi-permeable membrane being 
placed between the two layers just where the solution meets the solvent 
(see Fig 3) To keep the semi-permeable membrane motionless, we 
must imagine weights placed upon it so 9.S to just balance the osmohe 
pressure of the solute in the solution which is tending to press the 
membrane out m exactly the same manner as a gas tends to push an 
^permeable piston out To obtain the maximum work which could 
be done by diluting the system from volume Vi to volume V2, that ^is, in 
ordinary chemical nomenclature from “ dilution ’’ Vi to “ dilution” Vg, 
we suppose the semi-permeable membrane or piston to rise infinitely 
slowly, the pressure due to the weights being adjusted so as to be less 
than the osmotic pressure by the infinitely small quantity d? We 
must imagine the weights continually to decrease in number so as to 


W Bights 
Siffiiper/neablej 
membrane 



'Weights 
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^membrane 


Fig 3 
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keep pace with the continuously decreasing osmotic pressure of the solu- 
tion, for of course the osmotic pressure of the solution decreases as the 
dilution increases 

As the membrane moves up, solvent passes through it, no piessure 
difference being set up on the two sides of the membrane, so far as the 
solvent is concerned, for the membrane is peifectly permeable to the 
solvent although impermeable to the solute It may be pointed out 
that if no weights, z e no opposing pressure, had been placed upon the 
membrane, the latter would move instantaneously up through the solvent, 
no work being done thereby , just as we saw no work was done when a 
gas expanded into a vacuum We are at present dealing, however, with 
the exactly opposite limit, namely, the production of maximum work 
As in the case of the gas, the maximum work for the whole volume or 
dilution increase is given by the expression — 



where P denotes the osmotic pressure of the solution To evaluate this 
integral we must know P in terms of the dilution This is given by 
the experimental fact that osmotic pressure follows the gas laws, mz 

PT* 

PV = RT or P = ^ = RTC 


when C is the reciprocal of dilution and represents the concentration 

of the solute in the solution, C = y To be able to give a definite 

numencal value to R we must deal with a certain mass of solute, say 
r gram-mole, m which case R = r 985 calories The maximum osmotic 
work done by the system m diluting r gram-mole of solute from a 
dilution Vi to a dilution V2 is given by the expression — 




‘'Vi 

If we dealt with n gram-moles of solute the maximum osmotic work 
would be n times as great, w — 

«RT log 

Using osmotic pressure terms instead of volume terms, since we know 
the relation between them, namely, P = the above expression can 


be written for the case of one gram-mole as — 

Maximum osmotic work = P.T log 


Pi 

P2 


or since V — 


C 

Maximum osmotic work = RT log 

^2 
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where Ci is the initial concentration of the solution and Ca its final con- 
centration It IS well to notice, however, that we have employed the 
gas law expression in dealing with these solutions The accuracy of 
the expression is, therefore, limited by the range of applicability of the 
gas laws to the solutions That is, the above expression gives the 
maximum osmotic work for dilute solutions only 

External Work Defined as a Change in Free Energy of the 
System and Surroundings 

When a body does work at constant temperature it uses up energy 
either at its own expense or at the expense of its surroundings This 
energy is called the free or available energy, to distinguish it from the 
quantity which we have denoted by the term U, which is the change in 
internal or total energy Free energy can be denoted by A, since it is 
exactly equal to the maximum work done in isothermal changes ^ 1 he 

relation between the free and total energy of a system is by no means 
an obvious one, in fact we cannot attempt at this stage to show the 
relation between the two until we have discussed the second law of 
thermodynamics, the relation between the two being given by the ex- 
pression known as the Gibbs-Helmholtz equation The only point 
emphasised here is that the total or internal energy change is not the 
same thing as the free or available energy change The use of the term 
“total” in regard to U must not suggest to the mind that the free 
energy is a fraction of this only As a matter of fact, the free energy 
decresfee (t e the maximum work output at constant temperature) m 
some processes actually exceeds the decrease in total energy (U) taking 
place in the same process, and in some extreme cases the total energy 
of the system may actually increase whilst at the same time external 
work is done hy the system (z e free or available energy is given up, 
e g the process of vaponsation) The possibility of this arises from the 
fact that the change in total energy has its origin in the system itself, 
whilst the free energy, on the other hand, may be due partly to the 
system itself and partly or wholly to the surroundings As a matter of 
fact, in the case of an isothermal gas expansion, or that of osmotic work 
in a dilute solution such as we have been considering, free energy which 
manifests itself as external work is ultimately drawn from the surround- 
ings entirely, % e from the heat content of the surroundings In pro- 
cesses occurring in bther systems, such as liquids, the free energy may 
be partly drawn from the resources of the system itself as well as from 
the surroundings It might be thought that there is so much- vagueness 
about the sources of free energy that no relation could be established 

1 In an irreversible process, wheq maximum is not done, there is a decrease* 
in the free energy, and this decrease is greater than the work done Some of the 
free energy has been simply lost or dissipated as heat It is only in a reversible pro- 
cess that the free energy is entirely converted into external work, this work being, 
therefore, the maximum of which the system is capable Further note that all this 
refers to changes at constant temperature only The free energy of a system alters 
with temperature, whether work (maximum or otherwise) is done or not 
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between it and the U of the system We shall see later, however, that 
if we restnct ourselves m any system whatsoever to reversible processes, 
that IS, to cases in which maximum work is done and, therefore, all the 
free energy is given out in the form of work at constant temperature, 
there ts a relationship between A and U As already mentioned, this 
is expressed in the Gibbs-Helmholtz equation to which we s a come 
later For the sake of brevity it is customary to use the expression, 
“ the free energy of a system,” to denote the free or available energy 
possessed by the system and its surroundings under the given conditions 
A system is said to ^'possess" free energy whether it is made to do work 
or not, such free energy content bemg measured by the maximum work; 
the system could perform under the given conditions 


The Maximum Work (or Free Energy Change) involved in a 

(Reversible) Isothermal Process which takes place in 

MORE THAN ONE STAGE 

In the cases which we have been considering, namely, the expansion 
of a gas or the dilution of a solution, the whole operation took place in 
one sme or step, * e the piston or membrane simply moved through a 
certain distance under given pressure relations We now want to con- 
sider a slightly more complicated process, and we shall consider that 
this IS also of the reversible kind, t e each stage must be so carried out 
as to produce maximum work We shall confine our attention to the 
following three-stage process, as this is a very typical one which occurs 
again and again m the thermodynamical treatment of physical and 
chemical processes Let us suppose that in a cylinder, I (Fig 4)> 
have a liquid (say water) having a certain vapour pressure at a given 
temperature In the second cylinder, II, we have a solution, the solvent 
being identical with the pure liquid in I, the solute being a non-volatile 
one The vapour pressure of the solution, i e the pressure of the 
vapour of the solvent, isp\ where pi is less than since the presence 
of the solute lowers the vapour pressure of the solvent The solution 
in II is at the same temperature as the liquid in I The quantity of 
solution in II is so great that the addition of one gram-mole of solvent 
is supposed not to have any measurable diluting effect, t e the concen- 
tration of the solute in II is supposed to remain constant The problem 
before us is this — 

What IS the maximum work involved m the process of transferring 
one gram-mole of the liquid from I and adding it to the solution in II, 
the temperature throughout remaining constant and the concentration 
of II being likewise constant In other words, what is the maximum 
work done in isothermally distilling one gram-mole of liquid from I 
into the solution in II ? In the first place, it will not do simply to 
place some of the pure solvent {t e the liquid in I) directly in contact 
with the solution in II, for this process would entail no work at all, 
since the solute would spread itself out into the layer of solvent against 
zero osmotic pressure The same idea may be expressed by saying that 
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.u ,11 ,t Hn to insert a weightless semi-permeable membrane on 
neither will it do to inse t above it, and allow this membrane 

the surface of thesoto^^^^^ ,,, 3,1,, e. 

to be pressed through the so y pressure 

as here again no work would be J J f, 3 ,,, To obtain the 

resistance wou d be offe ed to the o^smo^^ ^ reversible 

maximum work the whole p stage considered the difference 

manner. must never be 

?eve?excee1 I X represented by dp To carry out 
finite, must nev ,, , thereby obtain the maximum output 
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1 . u Thnt IS we now have one gram-mole of vapour in a small 
thereby That is, sunnose now that this is allowed to 

cylinder ^ ^ reversibly until its pressure has fallen to 

“ A. 

’m Tte'SSnde, I, is brought mto contuot with II, and since the 
( 3 ) me cyimuc » ^ ^ ^ ^ ^ II, the gram- 

pressure IS to II reversibly As it is pressed in at a 

mole f condensation of an equal mass of 

SriSd’ttt’. p" ™ed out .n6nit.ll slowly the temperatu™ 

Tn STcnsbilt (heat being passed »““*?, Jl 

operation of “r'“Th:“?r”Jid t 

mXo.'S “mns ™k terms we can obtain at once the m.aimnn 

togemer xne a whole The work terms are — 

'^^’^L%°eration* (i) an amwmf of work p^v^ is done by tU system (®o 
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denoting the volume of one mole of saturated vapour in I) Since the 
vapour remains saturated the pressure remains const'^nt We have 
neglected the molecular volume of liquid as compared to the molecular 
volume of vapour In operation (2), the sliding of a frictionless, 
weightless shutter involves no work That is, the act of isolating the 
gram-molecule of vapour in la involves no work, but work is involved 
when we allow this to expand reversibly against an opposing, continu- 
ously decreasing, external pressure which only differs from that inside 
the cylinder by the amount Assuming the gas law for the vapour, 
the work done by the 'oapoibr %s — 

RT log - 

The vapour is now in the state denoted by I* In operation (3) we 
have the reverse kind of process to that m operation (i) In this 
operation the volume of the vapour decreases, t e work is done by the 
surroundings upon the system, the amount being — ^i^i» the negative 
sign denoting that there is a decrease in volume as condensation is 
taking place We here neglect the increase in the volume of the solu- 
tion owing to this condensation compared to These are all the 
work terms involved, and hence for the total process the maximum 

work done — , ^ r i 

== maximum work! /maximum work! [maximum work 

in operation (i) J \ in operation (2) / \ in operation (3) 

That IS — 


A = IqVq + RT log ~ “ hvi 
^0 


Maximum work in process 
Now it will be observed that we have assumed the vapour obeys the gas 


laws, Since the middle term is the integral 

RT 
= — 


vi 


pdv evaluated by putting 


Vo 


If the assumption of the gas law is justifiable in regard to this term, 
it must be likewise justifiable in regard to the first and last terms The 
first term is or RT The last term is 01 RT, for the tempera- 
ture is the same in both cases, and R is likewise the same since we have 
considered the same mass (one gram-mole) of vapour throughout That 
is, the first and last terms cancel, and we get — 

Total maximum work m process — A = RT log 

This three-stage process has therefore turned out to be identical with 
a single-stage one (namely, the stage la to I5) This simple result is, 
however, only obtained by the assumption that the vapour obeys the 
gas laws 

Let us now consider the same process^ but no longer assume the appli- 
cability of the gas law pv = RT 

Operation (i) — The work done by the system is again but this 
is no longer necessarily equal to RT 
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Oprattcn (2) -The work done is but we cannot write this 

in the form RT log since the gas law is not assumed 

Oteratwn (3) —The work done is - /it»i, which again is not neces- 

^arilv GQUSil to RT , 

Hence the total maximum work A is given by 


A = + 


r - 

J«o 




The term [V® ^e integrated by parts whatever the relation 
between p and ® may be That is, we can always writ^ 


Hence — 


= /iWi - /o^'o - 
/o»0 + i’l®! - ~ 


or A 




This expression holds for the process involving the 
Stases whether the gas laws hold for the vapour or not This is tberefore 

*hp most eeneral teim for the maximum work done in a three- stage iso- 
thermal nrocess of the type considered If we find as a special Mse that 

Srg”s iLs happen to be obeyed by the vapour in question sufficiently 

well, we can integrate the expression - ^^vdp by writing v - y 

which thus yields— 

A = - RT log^ = RT log|-“ = RT log A 

must be remembered that any single work term of the type con- 
sidered must be the product of a pressure into an increase in volume, 
; Tn Td », or hdv or \pdv One cannot represent a single work 
term by the^product of volume into increase m pressure, say » 

It hannens Lwever, that the three consecutive work terms involved in 
L^prLess considered above do reduce down to a ^ 

(owing to the operation of integration by parts), and this result, 

A = - 1 vdp “ 

IS reached whether the system or substance considered obeys the gas 
laws or not Although, physically speaking, we cannot represent a single 
wmk term by it is Ldent ffiat if we are studying the special case 
of the work^of expansion at constant temperature of a vapour or gas 
IS leys the ga's Uws, the work done = this is numenca^ 

equal to - vdp because the expression d{pv) = vdp -f pdv - o, since 
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pv IS a constant at constant temperature by Boyle’s Law It is only, 
however, when d[p) = o, that is, when the gas laws are obeyed, that 
we can interchange and "Udp tetms When the system does not 
obey the gas laws it is necessary to find some relation between p and v 
which will allow us to evaluate any integrals tor vapours one may 
apply as a first approximation the van der Waals equation for this pur- 
pose, treating a and h as constants 

The Distinction between the Natural or Spontaneous, and 

THEREFORE IRREVERSIBLE, METHOD OF CARRYING OUl A RE- 
ACTION AND THE Thermodynamic Reversible Method of 
CARRYING OUT THE SAME REACTION 

The distinction is best made clear by means of an example Take 
the case of the chemical reaction which occurs between water and sul- 
phuric acid Let us think of an apparatus similar to that indicated in 
Fig 5 In one vessel, A, there is a quantity of liquid water, and in 
contact with it some saturated vapour 
at pressure /o vapour fills the 

space on the left-hand side of the tap 
C In the vessel B there is some 
concentrated sulphuric acid, that is 
acid containing a little water, and 
above this acid is some vapour in 
equilibrium with the water in this 
sulphuric acid mixture The partial 
pressure of the water vapour is here 
where is much less than po 
This water vapour at low pressure Fig 5- 

(along with some sulphuric acid 

vapour which does not come into the calculation) occupies the space 
on the right of the tap C If we simply open the tap, water vapour 
would stream from left to right, that is from the region of high pressure 
p. to that of low pressure p' If a piston were placed in the tube it 
would be driven at a speed not by any means infinitely slowly, and the 
pressure difference on the two sides of the piston would be finite, i e 
(A - /) process, which is the spontaneous one, is an irrever- 

sible one, since the piston is not made to move infinitely slowly with 
infinitely small pressure difference on the two sides 

We can carry out the same transfer of water to concentrated sul- 
phuric acid reversiblv, however, by following out the three^stage work 
process already described First, a certain quantity of water is vapor- 
ised by pulling out a piston infinitely slowly, the pressure on the outside 
of the piston being /o “ ^ This vapour is now isolated and expanded, 
doing work against a continuously decreasing external pressure, which 
never differs from the actual pressure of the vapour by more than the 
infinitely small quantity dp. In this way the pressure of the water 
vapour is brought to p\ or rather to (i/' + dp), and is then introduced 
VOX 11 " 2 
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into the space over the concentrated sulphuric acid and pressed in, i e 
condensed infinitely slowly owing to the pressure difference on the two 
sides of the piston being infinitely small The total mechanical work 

which IS here maximum work is, as we have seen, - j mp 

It Will thus be clear that we can carry out the same process either 
in the natural or irreversible way, in which case we do not get a maxi- 
mum output of work, or, on the other hand, we can imagine the process 
carried out reversibly in the thermodynamic sense, m which case we do 
get a definite maximum quantity of work, expressible in terms of/ and v 


Kirchhoff’s Equation for Heat of Reaction (which involves 
THE Principle of the First Law of Thermodynamics) 

Suppose that a system changes from a state A to a state B, z as a 
particular case, let us consider a chemical reaction of any kind whatso- 
ever in which at a temperature T, a quantity of heat Qv is absoibed in 
the transformation of reactants into resultants at constant volume, then 


^hdt 



_ Qt> = U Suppose that the same reaction goes at a higher tem- 
perature, T H- ^^T, then the heat which will be absorbed may be repre- 
sented by Qx, + ^Qt, Further, let us denote by k the beat capacity of 
the reactants and by h! the heat capacity of the resultants We can go 
from the stage A to the stage B by two independent paths, indicated in 
the diagram (Fig 6 ), namely, KniB and AwB The point A denies the 
system consisting entirely of the reactants and at the temperature T , the 
point B denotes the system consisting entirely of resultants at tempera- 
ture T + By the First Law of Thermodynamics, / e by the prin- 
ciple of the conservation of energy, the net heat absorption or evolution 
via A«B must be the same as via AotB, since the system starts from 
the point A and ends in both cases at the point B, without any volume 
change, so that the heat change is identical with the internal energy 
change Going via AwB we start with the reactants at A and raise 
their temperature to T -h ifT, an amount of heat -h Mt being thereby 
absorbed (the positive sign denotes heat absorbed) Haying now 
reached m, we suppose the reaction to take place (at T + IT) whereby 
the reactants are converted into resultants, the heat absorbed being 
Q„ -f ifQ® We have now reached B Let us start again at A, and 
allow the reaction to go at T, the heat absorbed is Q, We have now 
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reached n Now raise the temperature of the resultants to T + ^T, the 
heat absorbed being + Hdt, we are again at B Equating the heat 
effects by the two paths we obtain — 

+ hdt + Qt; Hh — Qu hdt 

dt 

where the suffix v is introduced to denote constant volume , 

dV , w 

= fly h y 


or 


^ F -- h ^ Hy - K 


or 


dt 


This IS Kirchhoffis equation Its great importance lies m the fact 
that It allows one to calculate the temperature coefficient of heat effects 
from measurements of the specific heats of the substances involved in a 
very much more accurate manner than could possibly be done by 
actually measuring Q or Q^, at two different temperatures 


The Work done by the Surroundings (z e the External 
Agency) in Compressing a Gas { a ) Isothermally, ( F ) Adi- 

ABATICALLY 


During the process of isothermal compression, the heat which is 
produced and evolved is absorbed by the surroundings which are 
supposed to be of so great extent that the temperature of the system re- 
mains constant, provided, of course, that the compression takes place 
sufficiently slowly to allow of the heat being conducted away In an 
adiabatic compression, on the other hand, we suppose the gas to be 
isolated m a “ heat-tight ’’ case so that 
no heat can be added to or abstracted F 
from the gas If we compress this 
system, the temperature rises, and this 
rise in temperature tends to make the 
gas expand^ i e the temperature effect 
opposes the compressing force, and 
hence this external agency will have 
to do more work upon the gas to 
compress it to the final volume than 
It had to do when the gas was being 
compressed isothermally — the initial 
and final volumes being the same in 
each case If we make use of a pv dia- 
gram, the area represents work done, 



V 


Fig 7 

and if in the case considered the initial volume is Oj, and the final volume 


after compression is v^, then work done in the isothermal compression can 
be represented by the area AB»o®i (Fig 7) The line AB is called an 
isothermal line In order to indicate a greater work output, as is the 
case in the adiabatic compression between the two volume limits Vi 
and Wo, we must trace a line such as AC, the adiabatic work being 
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represented by the area ACz^o^i The line AC is called an adiabatic 
line On traversing AE the temperature of the gas remained constant 
On traversing AC the temperature of the gas rose It is clear that an 
adiabatic line or curve is steeper than the isothermal line or curve on the 
pv diagram The relative position of the two lines or curves is of some 
importance when we come later to study thermodynamical cycles 

Thermodynamical Definition of a Perfect Gas 

An experiment carried out by Gay-Lussac, and afterwards improved 
by Joule, can be briefly outlined as follows {cf Fig 8) A large vessel 
I containing gas was connected by means of a tap to a similar vessel 
IT, which had been evacuated The whole was immersed in a bath, 
the temperature of which was measured as accurately as possible When 
the tap was opened gas rushed over from I into II There is thus an 
expansion of gas in vessel I, and the gas in I 
becomes colder because it has to compress the 
first portions of the gas which have gone over 
At the same time the temperature in II rose 
because the first portions of the gas were com- 
pressed by the following portions The tempera- 
ture of the bath remained unchanged as far as 
Joule could observe during the whole operation 
That IS, the cooling effect in I must have 
just compensated the warming effect in II The gas as a whole did 
not rise or fall in temperature on expanding into a vacuum That is 
to say, on the whole no heat was either taken in or given out by the 
gas in the operation Now for any process we have the three quantities 
U, Q, and A, connected on the basis of the First Law of Thermo- 
dynamics by the relation — 

U - A - Q 

In the above operation Q = o (experimental result) Further, we 
see that the external work performed by the gas as a whole is zero in 
expanding from I to II (which was in the first place evacuated) The 
whole system is I + II and the volume of I + II is constant, hence no 
external work is done by the passage of the gas This holds good even 
if there had been some gas present in II to start with, for this condition 
is evidently realised when passage of gas has begun That is, A = o 
Hence from the First Law it follows that U = o That is to say that 
the total or internal energy of the gas has not changed (U represents 
change in internal energy not internal energy itself) We therefore 
arrive at the following important conclusion — 

The internal energy of a given mass of gas is independent of the 
volume occupied As a matter of fact (as shown by the porous plug 
experiment, which we will consider later), any actual gas only approxi- 
mates to this statement There really was a very slight change in 
temperature in the bath in the Gay-Lussac- Joule experiment, though 
the methods employed were not sufficiently delicate to indicate it 
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This slight change in temperature has been traced to the work done by 
the molecules in drawing themselves apart against their mutual attractvoe 
forces A perfect gas from the kinetic standpoint is one in which no 
attractive forces exist In the case of a perfect gas, therefore, there 
would be absolutely no change in temperature if it were to go through 
the process described In other words, there would be no change in 
the internal energy, le U = o We can thus define a perfect gas as a 
substance, the internal or total energy of a given mass of which is inde- 
pendent of the volunu occupied by that mass 

The only other factor upon which internal energy (U) depends is 
that of temperature We can thus alUrnatively define a pe'^ect gas as a 
substance, the internal energy of which is a function of temperature only 
It must be clearly understood that the internal energy of vapours 
and liquids (which physically depart far from the concept of a perfect 
gas) does depend upon volume as well as upon temperature From 
the molecular standpoint this is due to the existence of cohesive forces 
(often of very great magnitude) between the molecules themselves 

It must be borne in mind, however, that the above definition of a 
perfect gas, though true as fai as it goes, is not a complete thermo- 
dynamical definition The complete definition will be given after we 
have considered the porous plug experiment of Joule and Thomson 
(afterwards Lord Kelvin) 

Cyclical Processes or Cycles 
Reversible and Irreversible Cycles 

A cyclic process consists of a series of consecutive changes or 
equilibrium states through which a system may be taken, finally return- 
ing to its original position or state The system is chemically and 
physically identical in all respects at the beginning and the end of the 
cycle , the system having returned to its original state It is clear, 
therefore, that the internal energy of the system is the same before and 
after a cycle, for the internal energy is a physical or chemical property 
of the substance just as its volume or colour or shape is That is, on 
completing a cycle we can say that + U = o, where + U denotes the 
change in internal or total energy, and this is true for systems of anv 
kind The terms Q and A may, however, not be zero, for these are 
not chemical charactenstics or properties of the system in the same 
sense that the internal energy is When a system is undergoing any 
change, heat may be added or given out and similarly work may be 
done by or upon the system 

The First Law of Thermodynamics, when applied to a cycle, states that 
the sum of all the work terms (SA) is equal to the sum of all th£ heat 
terms (SQ) 

This IS evident, for the First Law states that for any process 
U = A - Q, and since for a completed cycle U = o it follows that 
A = Q or SA = 5Q, when during the cycle there are several operations 
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involving work or heat This holds good no matter what the system 
may be (solid, liquid, or gas, heterogeneous or homogeneous), and it 
likewise holds good whether the temperature of the system has altered 
at any stage of the process or not (the temperature at the final stage 
being, of course, equal to the initial temperature) A cycle m which 
the temperature does not change during any period of the operation is 
called an isothermal cycle A cycle m which temperature changes do 
occur is called a non-isothermal cycle (the oiiginal conditions of tem- 
perature being eventually reached) A reversible cycle is one in which 
the various occurring processes are reversible in the sense already de- 
fined An irreversible cycle is one in which the processes are irrevers- 
ible The First Law of Thermodynamics being an absolutely general 
law, embodied in the principle of the Conservation of Energy, must 
hold for reversible and irreversible processes and cycles alike When 
we come to the Second Law of Thermodynamics we shall see that we 
must restrict ourselves to reversible cycles A typical isothermal cycle 
might be represented as follows — 

The initial system is a vessel of liquid water and from this we re- 
move by isothermal vaporisation at a given pressure one gram-mole 
We now isolate the vapour and alter its pressure, thereby doing work 
against the surroundings until its pressure becomes identical with the 
vapour pressure of a given dilute aqueous solution contained in a second 
vessel at the same temperature We now isotheimally compress the 
gram-mole of vapour into the solution and then by means of a semi- 
permeable membrane remove one gram-mole of liquid Having isolated 
it, transfer it to the liquid water contained m the first vessel The 
gram-mole of \^ater has now been taken round a complete cycle (which 
happens m this case to be an isothermal one), the initial and final states 
being identical If we had carried out each single process reversibly (m 
the maimer described m the paragraph dealing with the production of 
maximum work in a process involving more than one stage, and also m 
the treatment of maximum osmotic work production), the cycle as 
a whole would be called an isothermal reversible cycle 

Professor Orr {Notes on Thermodynamics for the Use of Students i7i the 
Royal College of Science^ Ireland^ printed privately) defines reversibility 
as follows — 

‘^A process is said to be reversible in the thermodynamic sense, if 
It is possible for the successive stages to occur in exactly the reverse 
order m point of time (all the motions, chemical changes, transfeience 
of electricity, etc , being thus reversed), with all the mechanical forces 
unaltered (Care must be taken not to express the definition in such a 
way as would imply a reversal of the forces ) 

It must be borne m mind that a reversible process or cycle is a 
limiting case which we can never quite realise in practice All natur- 
ally occurnng or spontaneous processes are irreversible We have already 
defined an irreversible process as one in which energy is dissipated or 
departs from the system permanently (though, of course, it cannot be 
destroyed, but must appear somewhere in space accoidmg to the prin- 
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nple of the First Law) The conductance of heat from a hot system 
to cold without the performance of any external work is an irreversible 
process* That is to say, it is a matter of experience that a bar of metal 
if heated at one end, say, will not remain m this state of unequal tem- 
perature, but the temperature will ultimately tend to become uniform, 
the temperature of the bar as a whole being lower than that of the 
initially heated portion Further, experience has shown that the re- 
verse process never takes place spontaneously, t e a bar of metal at 
uniform temperature never of its own accord begins to rise m tempera- 
ture at one end and cool at the other The process of conductance is 
m fact an irreversible one Further, motion turned into heat by friction 
IS also an irreversible process The reverse operation, that of a body 
set m motion merely by heating, never occurs Also the process of 
diffusion of a gas or a solute in solution from a region of high pressure 
or concentration to a region of lower pressure or concentration is an 
irreversible proc ess as it occurs m nature, t e the reverse process is un- 
thinkable as a spontaneous effect Similarly, a gas expanding into a 
vacuum (which is an extreme case of the foregoing process) is irreversible 
Of course, it must not be forgotten that processes such as the dilution 
of a solution or the expansion of a gas can be carried out in a reversible 
manner, or rather we can conceive of such an operation as a limiting 
case under certain given conditions, t e the conditions which must be 
complied with to yield the maximum amount of external work Natural 
or spontaneous processes never perform the maximum amount of work, 
and may perform no external work at all For our purpose, however, 
reversihkj pro( esses and cycles are the more important as the applica- 
tion of thermodynamics to physical and chemical problems concerns 
Itself with these alone 

Dnmmmr Forms of External Work 

So far wc hav(‘ considered the symbol A to refci to the work done 
in the expansion of a gas against an exteinal pressure, or the work done 
m diluting a solution also against a pressure T/us iS mechanical work 
It must not, however, be concluded that such operations as these are 
the only conceivable form of external woik A may also in certain 
cases be measured by electrical work or output of electrical energy if 
the system considered is capable of being set up m the form of a voltaic 
cell lilectncal energy is the product of electromotive force into 
< iirrent* It is usual to take as the unit of cun cut the faraday, which is 
etiuivalcnt to 96,540 coulombs, and is the quantity of cuuent required 
to deposit one gram equivalent of a metal or non-metal, silver or 
iodine. I.et us consider the chemical reaction represented by the 
stmcheiometric equation — 

Zn -1- CuSO^aq •=• ZnSOtaq + Cu 
wliK h may be written in terms of 10ns as 

Zn -b Cu " = Zn ++ -f Cu 
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This reaction can be made to take place in such a way as to yield 
electrical energy The system is simply the Daniell cell If E is the 
electromotive force, then E will also numerically represent the electrical 
energy connected with the deposition of one equivalent of copper in 
the metallic state, and simultaneously the dissolution of one equivalent 
of zinc from the metallic state, for the quantity of current involved 
in this IS one faraday, and hence the electrical energy is E x i = E 
This current can do external work, such as that of driving a motor 
When It IS made to do maximum work the cell is acting reversibly, 
and we are dealing with a reversible process which experience has shown 
is capable of doing a considerable amount of work, although the volume 
remains practically constant 

Another form which A may take is work done against giavity 
Thus let us take the surface layer of a liquid as our system This 
possesses free or available capillary energy which manifests itself by the 
phenomena of surface tension The free surface energy in this case 
can be measured by making it do work against gravity by drawing a 
column of liquid up a narrow tube If h is the height of the column 
when the meniscus becomes steady, p the density, and g the accelera- 
tion of gravity, the external work done by the surface energy is {/ip g) 
work units Free energy therefore can manifest itself m all types of 
external work If the temperature is kept constant and the work be 
maximum work, then, no matter what the nature of the external work 
may be, it gives quantitatively the decrease in free energy of the system 
and Its surroundings 

Before passing on to the consideration of the Second Law of 
Thermodynamics it may be well to state once more the First Law, vtz 
If OR WHENEVER heat is converted into work of any ktndy or work into 
heat^ there ts always a definite quantitative relationship between the heat 
which has disappeared as such and the work which has been done^ or vice 
versd 


The Second Law of Thermodynamics 

It will be noticed that in the definition of the First Law given above, 
stress has been laid on the words “//or whenever'' heat is converted, 
etc. Experience has shown that work is always capable of being trans- 
formed into heat, but this is not always the case for the opposite trans- 
formation, that of heat into work Thus whilst the Law of the 
Conservation of Energy furnishes us with the relationships which must 
necessanly hold when one form of energy is transformed into another, 
the so-called Second Law brings out a peculiarity which belongs alone 
to energy m the form of heat as regards its convertibility into other 
forms of energy The Second Law as a statement of the results of ex- 
penence teaches us that there are certain definite limitations in connec- 
tion with the transformation of heat into other forms of energy 
Qualitatively one may state it thus — 

External work, such as the kinetic energy of moving bodies, may be 
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transferred in many ways, and completely into another form, heat for 
example , but conversely the reconversion of heat into work is not a 
complete one, and may not even be possible to the slightest extent 
Remember this does not in any way contradict the First Law For 
whether the heat transformed be small or great the First Law holds 
absolutely, in that this small or great heat change is transformed quanti- 
tatively into some equivalent form of energy, say motion The First 
Law simply states that if or whenever heat is transformed an equivalent 
ot some other energy appears It does not state that heat under all 
conditions can be transformed The distinction is most important. As 
an example of heat that no one has been able to utilise, t e transform, 
we might take the heat energy of the ocean We know that the ocean 
is at a certain temperature, and that it requires energy to be added to it 
to raise its tempeiature Hence it must contain energy in the bound 
state No one has by any device been able to use the heat energy, say 
to drive the screw of a vessel in the ocean itself There are numerous 
other instances, and we have gradually come to the conclusion that for 
some reason or other we cannot always convert heat into work This 
naturally leads to the question What is the condition which determines 
this conversion or non-conversion of heat into work The answer is 
simple, It is a question of temperature or rather temperature differences 
We cannot convert heat into work unless we allow this heat to pass 
from a high temperature to a lower one The efficiency of the process, 
t e the fraction of heat converted into work, is dependent on the tem- 
perature difference between the hottest and coldest part of the system 
This IS why the heat of the ocean is unavailable, we ourselves are 
living at the same temperature (or even higher) The ship, for ex- 
ample, is at the same temperature as the ocean, and hence, if the above 
principle is correct, one cannot expect the heat of the ocean to be 
utihsable by the ship On the other hand, the inhabitants of a colder 
planet might readily utilise our ocean heat, and, indeed, the heat of our 
planet itself, for work, if only the mechanical difficulties could be over- 
come 

The Second Law, as stated by Clausius, is as follows — 

<‘It IS impossible for a self-acting machine working in a cycle, un- 
aided by any external agency, to convey heat from a body at a low 
temperature to one at a higher temperature, or heat cannot of itself {t e 
without the performance of work by some external agency) pass from a 
cold to a less cold body ’’ 

First note the phrase “of itself ’’—heat cannot of itself pass fiom a 
low to a high temperature We have seen that by means of an adi- 
abatic compression of a system the temperature rises, heat being evidently 
thereby carried up the temperature scale But this does not contradict 
the above statement about the natural flow of heat, for we have, by the 
aid of external agency, had to do work, namely, to compress the system 
in order to make the temperature rise It is a known experimental fact 
that systems, say gases, naturally tend to expand, the molecules tend to 
fly apait and not to contract This fagt is evidence, of a molecular 
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kind, for the Second Law, for by expanding the system cools So 
much for the qualitative statement of expeiience We now come to 
the question of a quantitative statement It must be clearly understood 
that the quantitative formulation of the Second Law (which will be 
given in a moment) holds only for a reversible cycle of changes We 
have already discussed changes of this nature One other instance may 
be given Suppose a system of any kind — an engine, as it is called — 
takes m heat Qi from the boiler at temperature Ti and drives a piston 
and crank, thereby doing external work, and then gives out heat Q2 to 
the condenser at temperature T2, the amount of heat given out to per- 
form work is Qi “ Q2 and this will be quantitatively the work done , for 
friction is entirely absent, as we suppose it to be an ideal engine If, 
now, some external agency performs a quantity of work on this engine 
numerically equivalent to Qi - Q2J and if the engine thereby takes in 
heat Q2 at T2 and gives up Qi at the high temperature Tj, then the 
engine is a reversible one When the engine is working directly it must 
be doing maximum work, t e just able to overcome opposing forces m 
order to comply with the condition of working reversibly 
The efficiency of any engine is — 

work done 

heat taken in from boiler at Ti* 


It is identical with 


Qi Q2 
Qi 


Now there is a theorem called Carnot’s Theorem, the validity of 
which depends on the trustworthiness of the Second Law This 
theorem states that a reversible engine has the maximum efficiency, and 
further, that the efficiency of all reversible engines working between the 
same temperature limits is the same This holds good whatever the 
nature of the substance doing work ^ It can be shown that the effici- 
ency of a reversible engine is connected with the temperature limits 
referred to by the expression — 


T, - To 


So that we may write 


Qi Q2 


Ti 

T1-T2 


Qi Ti 

If we take the case in which the highest temperature of the engine 
or system is T and the difference between this temperature and the 
coldest temperature is ^T, then the amount of heat converted into work 
is dQ_ instead of Qi - Q2 and the above relation takes the form — 

“Q T 

But, accordmg to the First Law, the heat which has been converted 
into work may he put identical with an external work quantity dK if 
there has been no loss by friction, and if in fact dK represents the 


^ This IS 6sciissed in a more advanced treatment given later 
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maximum amount of work dynamically equivalent to the above 
relation takes the form — 


dK 



for all substances traversing a reversible cycle In words, the term dK 
represents the maximum amount of work which can be obtained fiom 
an engine working between the temperature limits T and T •- dH^ the 
heat taken at the high temperature T being Q This may be taken as 
the quantitative statement of the Second Law If the engine is not a 
reversible one it will in general do less work (according to Carnot, it 
can never do more), and in such a case ^^e can only write the in- 
equality — 


dK< 



As before mentioned, we shall confine our attention to reversible 
processes only 


Deduction of the Expression = Q — for the Case of a 
Perfect Gas 

We have briefly indicated how the above relation is obtained in 
general for any system undergoing a reversible cycle of changes It 
will be more easily grasped, perhaps, if we now obtain again the same 
expression for the concrete case of a perfect gas engine Let us suppose 
the gas IS enclosed in a cylinder fitted with a weightless, frictionless 
piston Suppose we are dealing with one mole whose volume is Vx at 
temperature T Let the gas expand isothermally from Vx to the volume 
The maximum work which could be done by the gas in such an 
isothermal change is — 

A = RT log ^ 

Now by the First Law — 

U = A - Q 

but we have kept the temperature constant, and hence, since U (whiqh 
IS change in internal energy) depends only on temperature and is inde- 
pendent of volume for a perfect gas (as we have already seen), it follows 
that, in the present case — 

U — o and therefore A = Q 

le A=Q=RTlog^ . (i) 

0 , T-K1»8| 

Q (with a + sign) denotes the heat taken in from the reservoir while 
the work was being done at constant temperature 

1 1 calorie = 42 joules = 42 x ro'^ ergs. 
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This important formula ^ does not by any means say that the work A 
must always be done when a gas expands isothermally from the smaller 
volume Vx to the larger volume We have only need to call the Gay- 
Lussac or Joule experiment to mind (namely, the expansion of a gas 
into a vacuum) in order to see that the term A can be equal to zero 

Every possible value of A between zero and RT log — is not only con- 
ceivable but IS also attainable The value RT log ^ is, howevei, a 

maximum one If we try to bring the gas back isothermally from the 
greater volume to the initial volume Vx we need to expend more or 
less work depending upon the efficiency of our compressing machine 
But, here again, if the efficiency of the engine (the gas) is a maximum^ 
the minimum work which the compressing machine has to do to bring 
the gas back to its original state is at least A The maximum produc- 
tion of work by the perfect gas engine is therefore that which accom- 
panies a process taking place reversibly 

Now let us consider the gas as carrying out the same operation at a 
lower temperature T — ^T, the same mass of gas working between the 
same volume limits Vx and as before The maximum work done by 
the system is now — 

(A - = R(T - dT) log ^ per mole (s) 

Note particularly that thi 'voliitne limits are the same even though we 
have considered the two cases at different temperatures There is no 
volume change due to temperature assumed or involved in the above 
considerations 

If we now subtract equation (2) from equation (i) we obtain — 
dh. = RdT log 

®i 


but 


Rlog| = 


Q 


dA 



which is the expression we have sought 

This expression can now be slightly transformed into — 

- « 

The differential on the left-hand side is a partial one The expres- 
sion stands for the change in the maximum work which takes place 
when the process is earned out, first at one temperature and then at a 
temperature i degree lower The work has been carried out between 
the same volume limits at each temperature, i e a change in temperature 
does involve a change m volume although it does involve, of course, 


1 Haber, Thermodynarmes of Technical Ga$ Reactions^ English Edition, p rS 
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a change in maximum work, for the pressure is different m the two 
cases The restriction in regard to working between the same volume 
limits m the work process at the different temperatures, which is self- 
evident in the particular case of the gas, is a general restriction, what- 
ever the working substance may be 

The Gibbs-Helmholtz Equation 

The First Law states that — 

U = A - Q 

From the Second Law one can deduce for a reversible cycle — 



and hence both combined for a reversible cycle give — 



This IS known as the Gibbs-Helmholtz equation and is the most 
important thermodynamical equation from the standpoint of the ap- 
plication of thermodynamics to chemical problems It gives the true 
quantitative relation between the change in internal energy U and the 
change in free energy A which occur during any given reversible process 
If the process is of such a nature that the free energy does not alter with 

c)A 

temperature, or only very slightly, the term ^ will be zeio, or practi- 
cally so In such a case A = U, ? the free energy becomes identical 
with the change in internal energy This happens to be nearly true in 
the case of the chemical reaction occurring in the Darnell cell, but it 
must only be regarded as being of an accidental character In general 
A and U are not numerically identical, the quantitative relation between 
them being given by the Gibbs-Helmholtz equation 

The equation referred to may be slightly modified as follows We 
have seen, in dealing with the expression for the First Law, namely — 

U = A - Q 

that we can also write this in the form — 

~ « A Q 

where - Qt, represents the heat evolved when the process occurs with- 
out alteration in volume, this being identical with the decrease in 
internal energy U. Substituting - Qy for U in the Gibbs-Helmholtz 
equation, we get — 

^ - •'■(st). 
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Application of the Expression dK = to some 


Reversible Cycles The Carnot Cycle 


First let us consider an isothermal reversible cycle In this case 
dT = o, and therefore = o Hence we conclude that in a com- 
pleted reversible isothermal cycle the sum of all the work temis done 
by or on the system cancel one another and equate to zero This con- 
clusion IS of great importance, and receives frequent application 

Let us next consider a particular type of a non-isothermal reversible 
cycle consisting of an isothermal expansion of a system (solid, 
gas), followed by an adiabatic expansion, this in turn being followed 
^ an isothermal com- 

\ pression, and this by an 

\ adiabatic compression, 

\ I thereby bringing the sys- 

^ tern back to its original 

state Such a cycle, 

^ consisting of two isother- 

S \ volume changes and 

adiabatic volume 

X 1\ , changes, is called a Car- 

^ ENS ; \ ^'Isothermal ^^t Cycle Let us sup- 

» t pose, for the sake of the 

\ ^^Isothermal mental picture, that the 

I I ' substance is a gas We 

^ . II shall not, however, assume 

G H F K Vblujne any gas laws in the first 

Fig g instance, and hence the 

general result will be valid 
for any system Suppose the initial state is represented on the pv 

diagram (Fig 9 ) by the point A 1 n 

First Step — Suppose the system expands through an infinitely small 
volume dv isothermally and reversibly, the work done (t e maximum 
work) is represented by the area ABFG During this expansion it has 
taken in a quantity of heat Q from the reservoir This heat can evi- 
dently be expressed also by the term dv, the partial differential 


c)Q denoting the heat which has to be taken in to keep the temperature 
constant while the volume increases by unity ^ 


1 The symbol ^ denotes the change of with other variables such as f 


simultaneously changing The symbol 7^ denotes the change of x with y , all th© 


other variables (such as z) being kept constant The expression is a partial 
differential To indicate more clearly the variable (z) which is kept constant during 
the change of x with y, the partial differential can be written 
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Sicmd Step — system expands adiabatically (no heat entering or 
leaving) and the temperature falls by The system is now at the 
point C During the second step the system does work represented by 

area BCK¥ 

Third Step — The system, now at the lower temperature, is isother- 
inally and reversibly compressed, the work done upon it being represented 
by the area below CD, viz C^DiMK It gives out a quantity of heat 
at this lower temperature, which is a litde less than Q 

Mmitk Step — The system is further adiabatically compressed, the 
temperature rising until the point A is once more reached The work 
done upon the system in this step is represented by the area ADHG 
The cycle is now complete, and the net work done by the system is 
the area ABCD This area is also the product of AE into FG Now 
AE IS the iiK rease in pressure expeuenced by the system when it is kept 
at constant volume, and its temperature is raised by dY We can 
express this*analytically by saying that — 

“ - (w) 

Further, the line FG corresponds to a small volume change dv, so that 
die net work done by the system, namely ^/A, can be expressed — 

Now let us apply the relation deduced from the Second Law for a 
reversible cycle, vis . — 

dA. = Q”!' • 


(,) IS th( he.it taken ui at the higher temperature, and we have seen that 
this IS, in this case, expression may be 


wntti*n— 


or 



dY 

T^ 


'I’his holds for any system, gaseous, liquid, or solid, homogeneous or 

!it‘ter«g€neoub. 


'rh(‘ meaning of (jy) is the heat which has to be added to a system 

which is increasing by i cubic centimetie m order to keep the tempera- 
ture constant It is therefore tht* latent heat of expansion of the system 
and may be deiioled by I 1 lence — 


,J^P\ 
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Remember, this latent heat of expansion may refer to a homo- 
geneous phase (completely gaseous, completely liquid, or comp ete y 
solid) It may also refer to those cases of change of state in which the 
term “latent heat ” is more familiar 


The Clapeyron Equaiion 


Let us apply the relation — 



to the case of a change of state from liquid to vapour If X is the 
ordinary latent heat per gram of the substance, it is clear that if Wj is the 
specific volume of the liquid, * e the volume of i gram, and is the 
specific volume of the vapour, then X refers to an increase in volume ot 
- til Hence the latent heat per unit volume-increase, mz I, is given 


by 


X 


»!i - ®1 


Hence the above expression becomes — 

VDTA T{wa - vx) 


f®pt6S6tits the change in vapour pressure of the liquid per degree 

rise in temperature Since, however, we know that the pressure of 
saturated vapour is mdependent of the volume of the vapour so long as 
any liquid is present, we need not retain the restriction of constant v in 
this case, but may simply write — 

dp X 

7 f ^ - Vi) 

This IS known as the Clapeyron equation It allows one to calculate, 
for example, the latent heat of vaponsation at a given temperature if we 
know the vapour pressure- temperature curve, and the specific volumes 
of liquid and vapour respectively Note that up to this point we have 
not assumed that the vapour obeys the gas laws, or, indeed, any law 
The expression may, however, be made more amenable to calculatioi^ 
and may still be regarded as accurate for all ordinary purposes if such 
an assumption be now made Further, let us neglect the volume of me 
liquid Vi compared with that of the vapour which is quite justifiable 
as long as we are at temperatures considerably below the critical point 

RT 

(at which pomt Sj = ©a) According to the gas equation ©2 = -J - > 

and hence the Clapeyron equation becomes — 

dp \p 

Zf RT^ 




\ dp X 
/ Zr ^ RT^ 
d\o^p X 
“"TF' RT^ 
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= X cms = X 


X 13 6 X 981 (dynes per degree) 


If we consider i mole as the unit of mass, then X will be the molecular 
heat of vaporisation, and R will be approximately 2 calories 

I First Illustration —At what height must the barometer stand in 
order that water may boil at loi® C ? Let the rise be x cms of 
mercury for 1° rise in boiling point of water 1 hat is — 

'djf 

W 

/ I atmosphere =10® dynes approximately 
1 dp X X 6 X gSi 

/ 5 t ~ 10'' 

Now X = 536 calories per gram R = 2 calories per mole, which 
equals calories per gram 

XX 13 6 X 981 536 


18 


2 X 373^ 


^=27 cms 


Hence the barometer must < 5 ^ 787 mms 

2 Second Illustration — ^What will be the change in freezing point 
of water if the pressure on the water be increased by i atmosphere ? 

We can apply the thermodynamic relation of Clapeyron in its ac- 
curate form, mz ^ to the phenomenon of fusion 

The specific volume of liquid water {mz is i c c The specific 
volume of ice {viz z^i) is i i c c approx Hence ?;2“'^i=‘“Oicc 
(note the minus sign) X here denotes the latent heat of fusion of ice, 
which IS 80 calories per gram, or 80 x 4 2 x 10^ ergs per gram 

X = T{Vi - 


Now 


That IS 


Ut 


80 X 4 2 X lo"^ = 273 X ( - 




up Q 

or ^ - I 2 X io« 

The minus sign shows that by putting on positive pressure the tem- 
perature of fusion falls^ this being due, as we have seen from the above, 
to the fact that the specific volume of water is less than the specific 
volume of ice The term i 2 x 10® represents the pressure m dynes — 
for all the quantities have been given in C G S units — required to lower 
the freezing point P 

The reciprocal of this, viz 

8 o 83 X 10"®, 

IS the lowering of freezing point (in degrees) due to increasing the 
pressure i dyne Since i atmosphere is 10^ dynes, the lowering of 
freezing point due to an increase of i atmosphere will be o 83 x 10”® 
X 10^, or 0 0083° So that if the pressure on freezing water be raised 
VOL IL 3 
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from I atmosphere to 2 atmospheres, the freezing point will be — 
o 0083° C It will be seen how extremely small the effect of pressure 
is on the freezing point, t e on fusion, this being traced to the small 
volume changes which occur on fusion , on the other ' hand, large 
volume changes occur on vaporisation, and therefore the effect of 
pressure changes on the boiLng point are, of course, great The above 
considerations on the fusion point afford an obvious explanation of the 
phenomena known as the regelaiion of tee In this experiment a wire 

is hung over a block of ice, the wire being weighted It is found that 
the wire cuts its way through the ice, which, however, freezes behind it 
so that the block remains as a whole The effect of the wire is to cause 
a local increase in pressure on the ice This causes the ice to melt m 
the absence of an artificial lowering of the temperature, because as we 
have seen increase of pressure lowers the freezing point, 2 e the equili- 
bnum temperature at which ice and liquid co- exist The wire sinks in 

the water thus formed This water and also the adjacent portion of the 
ice IS at a temperature below 0° C, owing to the absorption of heat which 
has become latent in the act of melting the ice Hence when the super- 
cooled water is no longer subject to the extra pressure prod^uced by the wire 
It freezes again, leaving the block, as a whole, intact It is clear, as already 
pointed out, that this phenomenon of regelation is really dependent on 

the fact that ^ is a negative quantity, and this is dependent on the fact 


that the specific volume of ice is greater than that of liquid water In 
the case of sulphur, for example, when it reaches the temperature (the 
transition temperature) at which the rhombic passes into the monoclinic 
form, or the monoclinic into the liquid, it is found that the specific 
volume of the phase which is more stable at the lower temperature, is 
less than the specific volume of the phase which is more stable at higher 

temperatures, and hence ^ is positive, and so an increase of pressure 


would raise the transition or melting point No regelation phenomena 
could possibly occur m such a case 

From these few illustrations it is evident that the Clapeyron equation 
is one of the most fundamentally important thermodynamic relations in 
the study of chemical and physico-chemical problems 


Dependence of Vapour Pressure Upon External Pressure 

If we have a system consistmg of liquid and saturated vapour m a 
cylinder, we have stated that the system will be in equilibrium if the 
pressure put on the piston at the top of the cylinder is/qj where /o is the 
pressure of the saturated vapour This is how the equilibrium is usually 
regarded It must not be forgotten, however, that all experiments are 
earned out m a gravitational field of force, and hence a column of 
vapour exerts a hydrostatic pressure downwards just as a column of 
liquid would do In fact, the pressure exerted by the vapour at the 
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foot of the column is slightly greater than that exerted by it at the 
top by an amount which represents the hydrostatic pressure of the 
column of fluid In a sense, therefore, the vapour acts as its own ex- 
ternal pressure thereby altering to a minute extent the value of the 
pressure which the saturated vapour would possess were it entirely free 
from gravitation We may conceive of this effect as greatly magnified 
by the following device Let us imagine that we can pump in an inert 
gas {t e one which does not react either with the vapour or the liquid) 
The total pressure exerted by the system is now considerably greater 
than before Suppose that the balancing external pressure is P This 
IS equal to the partial pressure of the saturated vapour plus the pressure 
exerted by the inert gas We cannot assume, however, that the partial 
pressure of the vapour retains its old value As a matter of fact it 
possesses a new value which is greater than p^ By means of the 
inert gas therefore, it is possible to alter the value of the saturated 
vapour pressure The connection between the change so produced in 
the pressure exerted by the vapour and the external pressure P is given 
by the relation 

dp\dY = 

where v is the specific or molecular volume of the liquid, and V is the 
specific or molecular volume of the vapour under the same pressure 

That the alteration in the vapour pressure is a small quantity is at 
once shown by the ratio v\Y Thus in the case of water at ioo° C , 
the molecular volume of the liquid may be taken to be i8 c c approxi- 
mately, and the molecular volume of the vapour as 20,000 c c approxi- 
mately Hence v\Y — o 0009 approximately This small fraction 
denotes the increase in the saturated vapour pressure expressed in 
atmospheres, due to increasing the external pressure by one atmosphere 
The change IS of the order of one part in 1000 and is therefore a 
negligible quantity It follows, however, that in vapour pressure 
measurements the static method gives the true value whilst the 
dynamic or streaming method gives the vapour pressure at an external 
pressure of one atmosphere The difference between the two values is, 
however, often undetectable 

The above expression will be deduced later, first by a very simple 
method and then by a more exact method due to Porter (cf chap IX ) 
It will there be observed that the v and V terms must be defined with 
precision m respect of the pressure under which each is supposed to be 
measured. 
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CHAPTER II 


Further Consideration of Thermodynamical Principles 

According to the First Law, as we have already seen, whenevei 
mechanical energy is converted into heat or heat into mechanical 
energy, there is a constant ratio between the two In a given expendi- 
ture of one soit of energy we find an “ equivalent of some other form 
of energy Taking i calorie as the unit of heat energy, it has been 
shown that this is equivalent to 4189 joules or 4189 x 10^ ergs 
(mechanical energy units) 

Instead of making use of the terms Q, U, and A to denote changes 
m the heat effect, internal energy, and external work respectively, we 
shall simply use the above terms to denote heat, internal energy, and 
external work in general, while to denote changes m any of these 
quantities we shall apply the more mathematically accurate form of 
notation, that of the differential calculus Thus the First Law of 
Thermodynamics may be stated in the form of the equation — 

+ dh 

which is the same thing as saying, that when one adds a small quantity 
of heat to a system, there results thereby, a small increase dU in 
the internal energy of the system, and at the same time the system 
does a small quantity dA of external work Natuially these must be 
all expressed in the same units — ergs, joules, or calories — in order that 
the two sides of the equation may be numerically identical 

The Form of A or dA 

Any “ work term,” say dA, is always made up of two factors, as we 
have seen Energy expended or work done (by a body) can always be 
expressed as the product of a capacity factor into an intensity factor 

(1) In the case of a very small expansion of a system by an amount 
dtf against a pressure/, the work — 

dA = pdv 

p being the intensity factor, v the capacity factor 

(2) Suppose a system, such as a stretched stnng, is being elongated 
by a tension T, then if the change m length is dl the work done on the 
system is T^f/, or the work done by the system is - Tdl In this case 
T IS the intensity factor, I the capacity factor 

36 
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Form of d\J 

It IS also reasonable to assume that part of d\J might be regarded 
as expressible m terms of factors But the idea conveyed by interna 
energy is a very composite one, being more composite m the case or 
solids and liquids than in the case of gases, and being likewise influenced 
by the molecular or atomic complexity of the system It is impossible 
to state numerically in any energy units what the absolute value or U 
IS for a given body We can only measure differences in U, namely, 
^U, in certain cases consequent upon changes in any of the factors, 
such as temperature or pressure, which define the state of a system 


Variables of a System —Complete and Incomplete Differ- 
entials 


The most familiar case m which we have two variables,/ and v, 
both depending on each other, and also on a third, which we shall call 
T, IS the expression for the behaviour of a perfect gas, namely, J>v = 
RT If we consider a plane diagram m which p is plotted against v, 
the quantity T being kept constant, we obtain the familiar hyperbolic 
curve stretching between any two chosen points, a, b (Fig lo) Any 
one of the three variables/, T, can be treated as a function of the 
other two, te T is a function of / 
and Vy or / is a function of v and 
T, or is a function of / and T p 
These cross connections are repre- 
sented for the particular case of a 
perfect gas by the equation already 
given For a perfect gas, therefore, 
if it be taken through a series ot 
changes — expansions, compressions, 
heating, cooling — and again brought 
back to Its original state, that is, 
if we bring back the pressure and 
volume to the original values /o 
and temperature will also 

have been found to have come back 
to Its original value Tq In such a case a small change in tempera- 
ture, which IS denoted by dty is said to be a complete differential, 
because the value of T at any stage is completely determined by 
the values of / and v at that stage* Suppose, however, that in the 
cycle of changes through which we put the gas there is external work 
done, then on completing the cycle it will be found in general that the 
system has either done a nett amount of work, or has had a nett amount 


Cb 



V 

Fig io 


1 Perhaps it should he again emphasised that the significance of U Jp ^bis 
chapter and in the succeeding one, m which we deal with the continuity of state, 
IS not the same as in the preceding chapter The “ U ” of the preceding chapter 
IS here represented by - iU 
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of work done upon it If either happens, dK cannot be regarded as a 
complete differential, because on coming back to its original state the 
system has suffered either a permanent gam or loss of work (In the 
single case of a perfect gas going through a cycle of operations at con- 
stant temperature = o on the whole cycle ) The difference between 
the two cases, namely, complete and incomplete differentials, as 
exemplified by dH: and dK respectively, lies m this that the value of 
dT^ depends only on the position, say the point a, in the path of trans- 
formation Whereas dh. depends on the path itself Thus if we go 
from a to ^ along the path indicated in the diagram, and then return 
along the same path from h to <2, dK is certainly nothing But if we 
return from to a by a different path — say one lower down on the 
diagram — and finally reach a, the total work or \dK is not zero \dT 
is zero no matter what path we follow A, it must be remembered, 
means external work done by or on the body The term U denotes 
internal energy contained in the body This quantity U is considered 
to be simply dependent on the state of the substance — gas, liquid, or 
solid — at any given stage It is considered independent of the path 
by which the stage was reached It therefore corresponds to the 
behaviour of T in the case of a perfect gas , d\J is therefore a complete 
differential On taking a body round a cycle of changes and bringing 
It back to the original point, the value of U will once more be Uq, 
although, of course, at different points during the cycle it possessed 
values sometimes greater, sometimes less, than this One might look 
then upon the U of a body as something analogous to an inherent 
physical (or chemical) property of the body [The property of boiling 
point IS always characteristic of a substance wnen the pressure is 
brought back to atmospheric, no matter what has Happened to the 
substance between two boiling point determinations, provided, of 
course, it has not been exposed to conditions so extreme as to decom- 
pose It ] One must be quite clear therefore as to the distinction be- 
tween internal energy changes (or total energy changes, as they are 
sometimes called) and external work terms (or free energy changes as 
they aTe sometimes called) The expression d\] is a complete differ- 
ential, the change in U being completely determined by the initial and 
final states , dK^ on the other hand, is an incomplete differential, the 
change m A being dependent on the path whereby the transformation 
from the initial to the final state of the system was made In any 
change from the pomt a to point knowing the first and last states, we 
know dUj and therefore we know (^Q — dK)^ but we do not know 
either of these quantities separately, unless one knows the history of 
the change For the given increase in energy dJJ we cannot tell how 
much of this energy was given to the body in the form of heat + dQ^, 
and how much was given in the form of work done ( - dKY upon it 
(this latter being transformed into internal energy) 

Now let us consider the heat term Q As already stated in the 

^ We reckon as a convention simply work done by the system as + work done 
upon It as - . 
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preceding chapter on Elementary Thermodynamics, strictly speaking, 
we cannot use the term heat in a body One can pass heat into a 
body, but it is no longer heat when it gets in Take, by way of illus- 
tration, the passage of heat into a body which is expanding at constant 
temperature The heat has simply gone to do external work, and if it 
is converted it is no longer “ heat Heat enters a system but immedi- 
ately becomes something which is not heat In general, there is an 
increase in the internal energy of the system and also some eternal 
work IS done In fact, we have the relation Hence, 

if a piece of matter be put through a cycle of changes and comes back 
to Its original state, the internal energy U is the same as at the begin- 
ning, just as the matter itself is the same That is, the sum of all the 
change in U, namely, S^U, is zero for the complete cycle The sum 
of all the work terms done by or on the system, namely MN is how- 
ever, not zero, and, therefore, from the above equation +«A, 

the term or (if there has been more than one heat addition or 
subtraction on completing the cycle) is not zero Hence, we cannot 
speak of heat in a body in the same sense as we speak of internal energy 
(U) in a body Functions or quantities which come back to their 
initial values when the cycle is completed and the original conditions 
(say, of pressure and temperature) once more obtain are called complete 
differentials^ and we can express the fact mathematically in the case of 
a quantity x by the equation — 

\dx = o 

for a completed cycle, in which we have once more arrived at the 
starting point By way of illustration, since we have already seen that 
internal energy change is a complete differential, we can write — 

IdU = o 

for a completed cycle But 5 <!/A ^ o being an incomplete differential, 
and since in the case of a completed cycle = o, it follows that 
the conclusion being that ^ o, le is an incom- 
plete differential 

Property of the Complete Differential 

If there are two quantities x and y upon which a third quantity 
W depends, we can express the fact by the relation — 

W =^f{cc,y) 

Suppose and y plotted as co-ordinates in a rectangular system (see 
Fig ii) 

Let the initial state of W be represented by the point A and let its 
final state m a transformation be represented by the point C We can 
pass from A to C by different paths Consider two such paths, mz 
one via B, the other via D. 

ist Case — Passing horizontally from A to B means simply that x 
has altered by an amount dx while has remained constant Passing 
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from B to C means that y alters by an amount dy while x remains con- 
stant. The initial value of W at A may be called Wq, and when it 
reaches B it has evidently the value — 

(w. + -5J&) 

When C is reached the value of W is — 



2nd Case — Passing vertically from A to D means that y has altered 
by an amount dy while x has remained constant Passing from D to C 
means that y remains constant while x changes by the amount dx 
The initial value of W at A is as before Wq. On reaching D it has the 

value ^Wq + 



When C is reached W has the value— 






0 + 




(2) 


If W depends only on the two ^anables a: andj»^, that is, if W is com- 
pletely determined hy the instantaneous values which these two van- 
ables possess at any moment, it is evident that on going round any 
cycle on the y diagram and returning to A, \dSR will be zero, / ^ ^ W 
is a complete differential Hence, it does not matter what path is 
followed m going from A to C, ,the value of W at C will be the same in 
each case That is, expression (i) is equal to expression (2), or, 




relationship, which we shall apply m many instances 
later, only holds good if is a complete differential If this is not 
the case, the equality between expressions (i) and (2) will not neces- 
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sanly be true, the discrepancy between them representing the difference 
in the W value caused by the difference in path 

Illustration of the above relation — For a cycle completed by any 
system, solid, liquid, or gas, we have seen that = o, / ^ is a 
complete differential Let us take the particular case of a perfect gas 
T being here a function of p and v only, according to the relation — 

T 

R 


d'Y IS now the complete differential, and we can in this case write T 
in place of W, v for x and/ for ji' in the above expression, whence we 
find— 


c) /^W\ 


becomes 


'b'lK ^pJ 


and since T 


= It follows that ^ ^ 

K op ri 


hence 


c)_y 

Again, we also find that — 


)-Ui) 


I 

S‘ 


becomes 




J 


i>v p 

and since T = it follows that ^ ^ 


and therefore 





1 y\ 

^'bx) 

- 


We have therefore reached the same result in both cases, showing 
theieby the validity of the above mathematical relation m this particular 
instance 


Further Consideration of the First Law and the Methods of 
Expressing it in Different Cases 

When some heat is added to a body two changes will m general 
take place — 

(1) The temperature of the body will increase 

(2) The volume of the body will increase 

Let us regard these two effects, not as occurring simultaneously but 
as consecutively That is, we consider that the total effect produced is 
divided up into (i) an increase of temperature, the volume of the body 
or system remaining constant, followed by (2) an increase in volume, 
the temperature remaining constant In the first stage of the process 
if the temperature of the body rises dt degrees, the heat which has to 
be added is Qflt^ Cy being the specific heat at constant volume In 
the second stage (m reality, simultaneously with the temperature 
change), the volume increase'^ by an amount dv at constant temperature. 
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Suppose I IS the latent heat of expansion of the body, that is the heat 
which must be added to the body to cause it to increase by unit volume 
while the temperature is kept constant, then the heat which is required 
to keep the temperature constant while the volume increases by di) is 
Idv Suppose the total amount of heat added to the system is ^Q, then 
It follows from the principle involved in the First Law, that — 

== Cvdt + Idv 

This relation holds good for any system whatsoever, gaseous, liquid, 
or solid, and holds equally well for homogeneous and heterogeneous 
systems With regard to the term /, “ the latent heat of expansion/* 
It is so natural to connect latent heat with a fusion or vaporisation pro- 
cess that the student might perhaps think that a heterogeneous system 
only was being referred to This is not the case, as, for example, we 
can imagine a gas expanding at constant temperature, heat having to be 
added in order to keep the temperature constant Now let us link this 
expression up with the equation which we have taken as a statement of 
the First Law of Thermodynamics, namely — 

+ dK 

Since we are considering a system (of any sort whatsoever) which 
undergoes a volume change against a pressure which may be repre- 
sented by/, we can then wnte the \jtrmpdv instead of dK The Fust 
Law expression may therefore be put into the shape — 
d^J = - pdv 

and substituting the value we have found for in the case of a system 
which undergoes a temperature and volume increase, we obtain for the 
increase in internal energy the expression — 

dU == Cvdf 4- (/ - p)dv 

Remember this expression holds for any system or substance whatso- 
ever 


Criterion of a Perfect Gas — The Joule Experiment 

A perfect gas, we have seen from the kinetic standpoint, is one in 
which molecular attractions are entirely absent Since this is so, it 
follows that no internal work can be done in separating the molecules 
from one another when the gas expands This means that during the 
expansion no heat goes to do internal work ; ^ the heat which in the 
general case has to be added to keep the temperature constant, namely, 
the latent heat /, is now required simply to enable the gas to overcome 
the external resistance pressure/ and to do the external vjoikpdv in- 

^ It IS evident that the specific heat of a perfect gas is independent of the volume 
occupied by the gas and likewise independent of the temperature In a perfect gas 
we assume that the internal energy is entirely due to kinetic energy of translation 
of the molecules, vtz. J Nmu^, which is identical with fRT/M if we are considering 

one gram of gas of molecular weight M That is, = | ~ --R/M, an 

expression which is obviously independent of both volume and temperature 
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volved m the volume increase That is to say, we can regard Idv and 
pdv as identical numerically, and 'therefore for a perfect gas we can 
wiite the equation — 

=s Qydt 4- pdv 

This equation does not hold for any other system, however, owing 
to the presence of cohesion or molecular attraction forces, say in the 
case of liquids, solids, vapours and indeed ordinary gases, though only 
to a slight extent in the last named We have seen that for any system 
whatsoever, the increase in internal energy ^U, when the volume and 
the temperature of the system increase, is given by the expression — 
d \3 r= Cydt + (/ - p)dv 

Now we have seen from the molecular standpoint that in the case 
of a perfect gas, no internal work is done in expanding (though there 
is internal energy represented by U), and hence the latent heat of ex- 
pansion at constant temperature Idv for the small volume change is 
identical with the external work/i^, at constant temperature Hence 
for a perfect gas the above equation reduces to — 

dXI = Qvdt 

This shows that the internal energy U of a given mass of a perfect 
gas is independent of the volume occupied by the gas (there is no V 
term in the above equation) , and, further, that U depends only on the 
absolute temperature When the temperature of a perfect gas is kept 
constant, t e when dt = o, then d\J = o, or U remains constant, and 
this even dunng an expansion against external pressure when work 
pdv is done at the expense of the latent heat which is allowed to stream 
in The above criterion of a perfect gas, namely, that its internal 
energy is independent of the volume, and depends only on the tempera- 
ture, was first recognised by Joule, who carried out the experiment 
described in the preceding chapter The same question is taken up 
later on (page 52) 

Alternative Expression for the FiRsr Law in the Case of a 

Perfect Gas 

It has been pointed out that in the case of a perfect gas only, the 
First Law can be written m the form = Cvdt pdv Now we can 
write this in an alternative form involving Cp instead of Cv, where Cp 
stands for the specific heat of the gas at constant pressure Thus, since 
we are dealing with i gram of a perfect gas, then at any stage in the 
transformation considered we always have the relation pv — RT, or 
pdv + vdp = R^/ 

Further = R ^ 

pdv = Cpdt - Cvdt - vdp 

^This may be easily shown as follows Consider i gram of gas volume 
pressure^, temperature T We have the relation 

= RT (i) 

(R being given the correct numerical value for i gram, i e R = i 9 calories per 
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Hence = Q,^dt + pdv ~ Qidt -j- Qpdt - C-odt — vdp 
or dC^ = 

Remember these relations hold only for a perfect gas For any other 
system we are only justified in writing — 

= Cydt + Idv 

The Second Law of Thermodynamics 


To shew that is not a ComH^U Differential^ but that or u a 


Complete Differential 


If we take any system round a complete cycle, we have already seen 
that the internal energy U returns to its initial value, and = o, or 
in other words dU is a complete differential We have seen likewise 
that, having completed a cycle, the expression \dh. is not necessarily 
zero, and since we must have by the First Law of Thermodynamics the 
expression = i\J + //A, it follows that may not be zero, that 
IS is not a complete differential Instead of going round a complete 
cycle, suppose we take the substance from an initial to a final state, we 
see as a consequence of the above reasoning that the U of the system 
depends upon the state in which it is at the moment, and that therefore 
the difference in U due to the transformation is entirely determined by 
the initial and final states of the transformation Such is not the case 
with the work term This is not simply dependent on the initial and 
final states — say the volume occupied by the system at start and finish — 
but likewise depends on the path followed If, for instance, the 
temperature was kept constant, a change in A would have had a certain 
value, but this would be different if there had been temperature changes 
en route^ even if the mitial and final volume had been Vi and 2^2 both 
cases Since A is dependent on the path, it follows that heat effects, 
positive or negative, are also dependent on the path Neither work nor 
heat can in fact be looked upon as intrinsic properties of the substance 
in the same way as mtemal energy can be regarded Let us consider 
a special case, namely, a perfect gas undergoing a reversible transforma- 
tion m which It does maximum work in expanding, and let us apply the 
First Law in the form here apphcable, namely — 

dQ = Cvdt 4 - Idv 

which may be changed for a process involving maximum work to — 
dOl = + 5 ^ = Q.^t + log 0 


gram-mole) Suppose the temperature is raised 1° at constant pressure/, the volume 
mcreases to and the heat added is Cp Again we have the relation 

fvi R(T -H i) (2) 

Subtracting (2) from (i) we obtain — ®) = R, That is, the work done in the 
expansion = R But the difference between the specific heat at constant pressure 
and at constant volume respectively is the equivalent of the work done in the ex 
pansion for 

- Cv = R 
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Then considenng the whole change from an initial state in which the 
volume IS and the temperature Tq, to a final state in which the 
volume IS v and the temperature T, we can write — 

== I"" ^ 

It will be observed that the numerical value of is simffiy 

determined by the limits of the integial Tq and T In the case of the 
expression {RTd log u the numerical value is not only dependent on 
the initial and final values of the volume, namely, Vq and V, but likewise 
requires a knowledge of all the temperature changes en route, for each 
little d log V has to be multiplied by the temperature T at that moment 
before integration is possible Hence, to evaluate this we must know 
the path as well as the limiting states This illustration makes it clear 
how dh. and therefore are incomplete differentials, and at the same 
time it suggests a change which will give us an expression containing 
but at the same time the expression itself will be a complete dif- 

fereatial It is seen that RT^ log v or RT ^ can be made a perfect 


differential m certain cases, eg — 

(1) When an isothermal change is considered, the temperature being 

constant throughout , and 

(2) More generally, even when the change is non- isothermal, tj we 
divide by T The First Law then takes the form for a perfect gas— 


The last term R— no longer contains any indefinite factor, T being now 
V 

removed Its integral can be evaluated on simply knowing the initial 
and final states as regards volume Similarly the integral of CnTjr can 


still, as m the first instance, be evaluated on simply knowing the initial 
and final temperature states of the system which has undergone trans- 
formation Hence ^ is a complete differential depending upon the 

mitial and final states only In a complete cycle = 0 lor 

a reversible change the quantity ^ is called the change in the entropy 

of the system, and is denoted by dS> For any reversible change there- 
fore from state (i) to state (2) 

1 ? “ ^ Vo 

For a complete cycle when T and V have come back to their original 

nr V 

values the terms — , become necessarily unity and th^ir logarithms 

To Vo 
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are zero, so that = o for the complete cycle Remember we have 
only been considenng a reversible cycle, and further, we have restricted 
ourselves to a perfect gas We shall see later how this latter restriction 
may be justifiably removed 


The Entropy Equation of a Perfect Gas 


In the case of a perfect gas undeigoing a reversible process or change 
from an initial state (i) in which the temperature is Tq and the volume 
Vo) to a second state (2) m which the temperature is T and the volume 
V, the total heat effect, as we have already seen, is given by the expres- 
sion — 

f2 fT fl) 

KQ = + RT^ log V 

Ji Jtq 

We may slightly transform this expression by dividing across by T 
Since the process is reversible we know from the Second Law that 
dQjT = dS, and we can therefore write — 



The term j denotes the total change m the entropy of the gas due to 

the change considered As written above, the expression is known as 
a definite integral because the limits (Tq, T, Vq, V) are explicitly stated 
We may give the expression a more general significance if we write 
indefinite integrals in the following manner — 




V + constant 


The constant of integration is independent of the particular state in 
which the system may happen to exist at any time (The constant 
necessanly vanishes when we write down a definite integral, for in this 
case we subtract the values characteristic of the initial state from those 
characteristic of the final state, with the result that the integration con- 
stant disappears ) The term now stands for the entropy possessed 
by the system under the conditions considered, i e we have assumed 
that the lower limit of temperature from which the integration is carried 
out IS absolute zero Denoting the term by the symbol S and the 
integration constant by the symbol S^, we can write — 


or S = C,, log T + R log z> + S' 

This expression is known as the enfrojl>y equation of a jberfiect gas If we 
set T = I and i, then S = S', or S' is the entropy of the gas at 
\ ^ volume is I c c S' is a constant characteristic of 

the substance, it cannot be evaluated on the basis of thermodynamics 
alone 
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Other Entropy Relations 

Let us consider any system whatsoever which undergoes a change 
of some sou By the First Law we have — 

+ piv 

If the process be earned out reversibly we know, on the basis of the 
Second Law, that ^fQ/T = ifS, and therefore 
TifS = ^ + piv 

Hence T^/<fr = + pdvjiH: 

If now we consider a reversible process in which the volume is kept 
constant this expression alters to the following in which partial dif- 
ferentials must be employed to denote that one of the factors is being 
kept constant — 

_ W 
DT DT 

This is a relation between the change of entropy with temperature and 
the change of internal energy with temperature in a reversible process 
in which the volume is maintained constant 

If, instead of keeping the volume constant, we keep the temperature 
constant and allow the volume to vary, we obtain on differentiation of 
the expression, TdS> = d\J -i- pdv, with respect to volume 
TDS/Do = DU/Dw + / 



Tins gives us the relation between the change of internal energy with 
volume and the change of entropy with volume in the case of any sub- 
stance whatsoever which is undergoing a reversible change at constant 
temperature 

The entropy S of any system whatsoever is given by the relation 
S ^ = S^fQ/T ■¥ constant, m which the constant is a constant of 

integration and cannot be evaluated on the basis of thermodynamics 
alone Further, the total entropy S of a system, the system being made 
up of a number of different parts {eg a mixture of gases), is simply the 
sum of the entropies possessed by the parts, viz Sx, S 2 , S 3 , etc , for the 
value of the integral is independent of the path followed (provided only 
that It be a reversible one) when the system passes from an initial state 
to a final state That is, we can conceive of the system as a whole 
passing from the initial to the final state, or we may conceive of the 
several parts as being taken from the same mitial to the same final state, 
the total change in entropy being the same in both cases That is— 

S = Si + S 2 -I- S 3 -1- etc 

The Meaning of Entropy in Terms of Molecules 

When we speak of the entropy of a substance we mean some quality 
or property characteristic of the substance under a particular set of coi?- 
ditions, in the sense that the internal energy, for example, is a 
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characteristic property To get an idea of the kind of property we must, 
of course, think of the system in terms of the molecules composing it 
The molecules of a gas are m continuous disordered movement, a gas 
being m fact a molecular chaos In the collected Scientific Papers of 
J Willard Gibbs (Longmans), the reader will find on page 418 of the 
first volume a number of unpublished fragments, one subject bearing 
the title Entropy as mtxed-up-ness. This definition of entropy will be 
understood to a certain extent if we think of a substance as a molecular 
chaos Owing to collisions between molecules their motion tends to 
become more and more disordered until a final stage of disorder is 
reached Gibbs considered that the degree of disorder was identical 
with entropy When the disorder or chaos is greatest the entropy of a 
substance is likewise a maximum This point of view is dealt with at 
greater length in the first chapter of Vol III 

Recently, another term has been employed to describe entropy 
This term is “ run-down-ness,’’ the entropy denoting the degree of run- 
down-ness of a system (cf Tolman, Phys Rev , March, 1917) A system 
in equilibnum is supposed to have run down as far as possible (com- 
patible with the external conditions and the total energy) At equili- 
brium, therefore, the entropy of the system is a maximum 

Further Remarks on the Carnot Cycle 

For any completed reversible cycle, and therefore for the particular 
case of a Carnot Cycle (which has been studied in the elementary treat- 
ment, Chap I ), we know from previous consideration that = o, 
Le the U is once more at its original value Similarly = o, z ^ 
the entropy of the system is once more at its original value when the 
cycle is complete Since internal energy and entropy depend only on 
the initial and final states, and these states are, of course, identical for 
a complete cycle, the entropy and internal energy do not depend on 
the path followed The expression \dK is, however, not zero, t e there 
has been a nett gam or loss of external work by the system, and hence 
is not ,zero , there has been a nett addition or subtraction of heat 
energy to or from the system to balance the work done by or done on 
^ the system at some stage or stages of the transformation Let us see 
what these work and heat terms are m the special case of a Carnot 
Cycle 

As we passed isothermally along AB (see Fig 9), the system took 
m an amount of heat Qi from the infinite heat reservoir The change 
in entropy in gomg from A to B is therefore 

r? 

Jo 

which, since Tj is kept constant, may be wntten — 

^ or simply ^ 
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In passing along BC no heat is taken in or given out, and therefore 
= o, and hence the entropy change along BC is zero, t e the entropy 
at C IS the same as at B (Remember we do not know how much this 

IS, we can only deal with changes in entropy, such as ~ for the AB 


In 


ing from C to D isothermally, the entropy 

change is - the temperature being maintained constant, and the minus 
±2 ♦ 
sign being used to denote that the transfer of heat (in this case an 


evolution of heat by the system), is in the opposite direction to the heat 


transfer at Ti, which involved an absorption of heat 
to A the heat transfer in either direction is nil On 
the total change in entropy is — 

Q2 
T2 

and this must be zero, since JcfS = o 

Qi Q2 

Ti”T2 


Passing fiom D 
the whole cycle 


| + (- 


Hence 


CO 


Although the entropy change is zero on the whole cycle, the heat 
change is not zero, it being evidently (Qi - Q2), this being the amount 
of heat equivalent to the work done by the system, for =» o, and 
always JiQ = + IdA Call this nett total work A Then 

A — Qi - Q2 (2) 

If we suppose Qi > Q2, Qi - Q2 is positive, and nett work is done 
dy the system Substituting in (2) the value of Q2 given by equation 
(i), we obtain 

A = Qi(i - . (3) 


In words this expression states that only a fraction of the heat Qi 
which is admitted to the gas at the high temperature Ti is converted 
into useful work If we express the work as a fraction of the heat 
taken in at the higher temperature, we have — 



This ‘‘fractional” work is simply the efficiency rj of the engine, and 
the efficiency of this reversible engine {t e the gas) depends therefore 
only on the temperature limits Tj and T2 It does not depend on the 
absolute size of the engine, t e on the absolute amounts of heat taken 
in or given out The efficiency of eveiy reversible engine is therefore 
the same as long as it works between the same temperature limits, t e 
temperature of the “boiler,” and the temperature of the “ condenser” 
Besides showing that the efficiency of every reversible engine was the 
same, if the temperature limits were the same, Carnot showed that no 
engine can be more efficient than a reversible one (Carnot’s Theorem) ^ 


^ For consideration of this see Partington’s Thermodynamtcs 
VOL II 4 
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Granting the validity of these two generalisations, we see that we need no 
longer restrict a Carnot Cycle — or the conclusions which we have come 
to regarding the relation of A to Qi — simply to a perfect gas Any 
system, solid, liquid, or gas, may be conceived of as being taken round 
the cycle Hence for a7iy system working as a reversible cycle we have 
the relation — 

or if the temperature differences be denoted by and the work by 
we have — 

Remember that A or ^A, t e the area ABCD, only represents the ex- 
ternal or “useful” work In the case of a perfect gas, we have no 
other kind of work to deal with. For an imperfect gas, or a liquid, etc , 
expansions and compressions involve internal work as well These, 
however, do not enter into the discussion, and do not vitiate the 
generality of the results of equations (3) and (4) (p 49). As long as 

the process is reversible or is zero for any completed cycle, that 

is, IS a complete differential. Not only is T an ‘‘integrating factor ” 
for the equation of a perfect gas, it is likewise one for all substances, as 
follows from the two generalisations of Carnot 

The expression connecting the maximum work done by an engine 
with the heat taken in from the boiler (Qi at Tj) may be regarded as 
a quantitative statement of the Second Law of Thermodynamics, which 
we have already seen is stated m general terms by Clausius thus “ It 
IS impossible for a selt-actmg machine working in a cycle, unaided by 
any external agency, to convey heat from a body at a low temperature 
to one at a higher temperature, or heat cannot of itself e without the 
performance of work by some external agency) pass from a cold to a 
warmer body ” 


Combination of the First and Second Laws 

I An Eo^ression for the Latent Heat of Expansion 

For any system, sohd, hquid, or gas, which is undergoing a volume 
and temparature change, whether reversibly or irreversibly, we have 
seen {p 42) by the First Law of Thermodynamics that 
i/Q = C-odt + Idv 

and by a purely algebraical change we can write this — 

^ Idv 

““ 4* rj. 

If now we consider any system, solid, liquid, or gas, going through 
a transformation with the restnction that this transformation is a re- 
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versible one, the Second Law of Thermodynamics tells us that the 

quantity is a complete differential, and we have denoted this by the 

term dS, which stands for change of entropy of the system So that 
both laws applied simultaneously lead to the expiession for any system 
changing in a reversible manner — 

Cvdt I j 

dS = + jj^dz/ 

Since (/S IS a complete differential we can perform the mathematical 
operation already discussed in connection with complete differentials, 
amving at the expression — 

= I-/"— "l 

I bCa _ t ^ 

Tlir"f§T~T2 

^Ct, b/ / f \ 

W’" yr ~ T ^ ’ 

We have also seen (p 42) that for any system— 
dU = C^t + {I - L)dv 

(this being deiived without introducing the Second Law) 

Since ifU IS a complete differential, it follows by partial differentia- 
tion that — 

<)Cv^ _ ^ ^ (2) 

bw “ DT DT ■ ^ ‘ 

By combining expressions (i) and (2) we obtain — 

^ 

This IS an important relation already obtained m the preceding 
chapter /, it will be Temembered, is the latent heat of expansion, 
namely, the heat required to keep the temperature of the system (solid, 

liquid, or gas) constant while unit increase m volume takes place 

Note that this is not necessarily latent heat of vaporisation [t e volume 

1 The expression represents the change in the specific heat at c6nstant 

volume with the volume, the temperature being maintained constant The mean- 
ing of this sometimes is a source of difficulty Suppose you take a system at (large) 
volume Vj, and measure the specific heat, keeping the volume constant at you 
get a certain value for Cv Suppose you take the same system at a different volume 
Vo (brought about by a change in pressure) and again measure the specific heat, 
keeping the volume constant at you again get a value for Cv, which may not be the 
same as in the first case The difference of the two values of Cv divided by the 

difference of »j - Sj would be ^ If you have carried out the two determinations 

at the same mean temperature, the difference of the two values of C® divided by 
/SCA 

o, - Vs gives you 
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change in a heterogeneous system containing liquid and vapour), but 
equally applies to a volume change taking place in a purely honno- 
geneous system 


II The Joule Exlenment and the Criterion of a Perfect Gas from the 
standpoint of the two Laws of Thermodynamics 

We have already seen that the increase in the internal energy of any 
system may be expressed — 

dU = Cvdt + (/ — p)dv 


Substituting for / its value we obtain- 

f 


\dv 


Now it has been shown that the internal energy of a perfect gas 
would be independent of the volume occupied, and would depend only 
on the temperature (Joule's Law) Hence, applying the above expres- 
sion to the case of a perfect gas, in order to make independent of 
V, It IS* necessary to consider — 




•p - 0 . 


This differential equation is satisfied by the relation — 

p ^ YAv) 

where f{p) is simply an integration constant independent of T It 
should be noted that whilst this expression is a criterion of a perfect 
gas, other substances might conceivably satisfy it We shall come to 
this point later in discussing the Joule-Thomson experiment. 


Ill The Clapeyron Equation 

The deduction of this expression need not be further given, as it 
has already been considered in the Elementary Treatment It is of 
interest, however, to discuss briefly the quantities denoted by the terms 
internal and external latent heat. 

External and Internal Latent Heat of Vaporisation, 

In the process of vaporisation, the heat which we add, namely, 
X calon^ per gram, to keep the temperature constant may be divided 
into two parts 

1 Fart of the heat goes to overcome the internal cohesive forces 
(which are very large in the liquid state) 

2 Part of the heat goes to do the external work of expansion against 
the pressure exerted by the vapour 

The first part is called the internal latent heat, and may be repre- 
sented by X*. The second part is the external latent heat or heat used 
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purely m doing external work (namely, vapour pressure x volume 
increase), and may be represented by That is 

X = X* + Xtx 

We can obtain an approximate value for the external latent heat as 

follows — . r 1 j 

Take the case of water Neglect the specific volume of liquid 
compared to the specific volume of steam Work of expansion 
“ ^o) = /^i Apply the gas law to the steam as an approxi- 
mation Then = RT, where R refers to i gram, te R = 3?^ = i 
calories approx Suppose we consider the boiling point of water 
q' ^ Then pv^ = -p- = 4 ^ calories approx = \ex 

The total latent heat X is approx 536 calories at 100° C , so that 
practically 500 calories {t e X^) are required for the internal work against 
the cohesive forces The following table contains some of the values 
given by Zeuner {cf Chwolson, LchTbuch deT Fhysih^ vol 111 p ^ 54 ) 
for the case of water — 


t^c 

Vapour Pressure 
in mms Hg 

dp 

di 

A. Observed 


^ex 

- 10 

0 

50 

100 

150 

200 

2093 

4 600 

91 98 

760 00 

3.581 2 

17,689 0 

0 1611 

0 329 

4 380 

27 19 

96 tj 

243 44 

Cals 

613 45 

606 50 

571 66 

536 50 
50079 

46430 

Cals 

583 15 

575 43 

536 12 

496 30 

456 70 

417 70 

Cals 

30 30 

31 07 

35 54 

40 20 

44 09 

47 13 


If we wish to use X, instead of X m the Clapeyron equation, it may 
be transformed into- 


A, = T(»i - - /(»! - »o) = “ ^0) 

which yields, when as compared to Vx is neglected and the vapour is 
treated as a perfect gas — 

X, = - RT =» RT(T^i^ - i). 


IV Thermoiynamtc Expressions dealing with Specific Heat 

Let us return to the expression for the latent heat of expansion I — 
for any system, homogeneous or heterogeneous — namely — 


/ = (equation {3), p 51) 


Differentiating this expression with respect to T, keeping the volume 
constant, we obtain — 
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Now, we have already seen (p 51) that for any system — 

/^A _ (}i\ __ (^r\ 

V^)^A “ KbTj; 

Combining these two expressions, we obtain — 



This important relation will be taken up later in connection with 
the continuity of state 

A second important relation, dealing with the difference of the 
specific heats at constant pressure and volume respectively, must be 
considered To get at this, we must go back to some of our earlier 
considerations If we take any system whatsoever from a certain 
p, V, T, to another state m which/, V, T, have different values, we saw 
that we had to add a quantity of heat which, for very small transforma- 
tions, we denoted by The absorption of this heat by the system 
was artificially divided up into two consecutive processes, vtz — 

First — ^The temperature rose by an amount dt^ the volume being 
kept constant The heat absorbed amounted to C-tjdt (of course, the 
pressure increased in this process, as we see when we use the term Cu) 
Second — The system was caused to expand, the temperature being 
kept constant , the requisite heat for this stage being Idv^ where I is the 
latent heat of expansion (In this piocess also, the pressure underwent 
changes concomitant with the volume change ) These two processes 
added together give us the heat absorption for the total transformation, 
the expression obtained being — 

= Cydi + Idv 

which on substituting equation (3), p 51, for / becomes — 

dv 

Now let us think of the total transformation, when we are dealing 
with the same heat absorption d(^, but let us artificially break up the 
process into two stages which differ from the preceding, namely — 

First — Let the temperature of the system be raised by an amount 
dt^ the pressure being kept constant The heat absorption is Qpdt^ 
where is the specific heat of the system at constant pressure (In 
this process naturally, the volume must have undergone a concomitant 
change ) 

Second — Havmg now the system at the final temperature value, 
suppose this to be kept constant, and let us consider that the pressure 
of the system is now allowed to rise by the amount dp. This involves 
an absorption of heat I dp ^ when V is the latent heat of pressure change 
(Naturally in this last process the volume must have changed concomi- 
tantly with the pressure ) These two processes added together have 
been assumed to give the same total heat For this case therefore 
we have — 


~ Cpdt + / dp 
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Dmdmg «.oss by T, .nd .ss>.nm,g that the proeeds hat be«> 
carried out in a reversible manner, we obtain 


^^ordS 
T 


Cf4( , 

-VJ- + T 


or 


or 


(t) 


and since dS is a complete differential we can as usual write 

“TDT 

_ I 

DJ.’ T 

Again by the First Law of Thermodynamics for any substance 
*= ’ = ^ + 

t/Q = ^ + pdv 
. dX5 ^dQ.-pdv 

i[j = Cpdt + Up - pdv 

and by a simple mathematical transformation— 
and by a p ^ ^ 

^ = Cpdt + {I' 1- v)dp 

No, since i® » a complete ,no5™sThSw "s 

cycle the/ and o return to t ^ 1 i „ pi^ewise one, and 

^Cp .}2. 

- DT DT 

By combining (i) and ( 2 ) one finds 


(2) 


/ 


Hence the equation 
may be put in the form- 






= Cpdt + Up 


dQ. = Cpdt - 


'bv'^ 

TJ 


dp 


( 3 ) 


Now in thealtetnative method ofsplitting upiQ into parts containing 
dt and dv respectively, we have already seen that 

,yQ.Cy«-eT@)/» W 

TTnuations (O and (4) must be identical, for we considered the same 
Equations ^31 ana 14; po.nt 

re'sar^etr lS,and further'we have -sumed that ^ ^ are 

reversible in both cases Hence, equating (s) “d ( 4 ). S 

(C,-C.KT = T(,%/.hT(|i)/. 
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Now as a purely mathematical operation, ifj) is a function of T and 
V, « « \ip =/(T, V), we have a connection between the ordinary dif- 
S/f) 

ferential ^ (which means vanation of p with T, while v at the same 

time varies), and the partial differential — (which means variation of 

p with T when v is kept constant) 

This connection is expressed thus — 

it _ (}P\ , ^ 

dT 

« dff 

Substituting this value of ^ m the preceding equation, we get — 



Now a further general mathematical relation has to be here made 
use of, namely, if we have three variables and z which are mutually 
dependent, then m all cases we can write — • 


/<)x\ /'by\ 

wA 


Using the three vanables /, J7, T, we can write— 




/^P\ /< 

wA V 


— I. 


Substitutmg this in the preceding equation, we see that- 


and therefore 


- c. = t(. 


c)w\ 


(m 


(s) 


And this holds for any substance whatsoever It will be referred to 
later in the next chapter, dealmg with Continuity of State 


Addendum 

The expression for (C^ — Ct,), vtz equation (5), as well as that for 
t,vtz / = - may be obtamed by a shorter method than that 

adopted above This method, for which the writer is indebted to 
Lieut W T Duncan, is as follows — 

In any infinitesimal transformation whatever, the heat absorbed is 
given, as we have seen, by the expression — 

fl(^ CydT f IdVr 
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As this expression is perfectly general, we may restrict LY and ^ to be 
such that the pressure remains constant during the transformation, and 
when this is so we can substitute for ifQ, writing at the same 

time^t- = (g.)jT. 

Hence the above equation becomes — • 

^ 


or 


Ca “ Cv 


<r^ 


But it has already been shown that / = 
and therefore - Cd = 

To obtain the expression for t we may write down the general 

+ at 

Let this represent a transformation at constant volume It can then 
be written — 

C„iT = C/T + 


or 


But 


Q - C„ - 

n r - \ f' 

Lf-Vv- [■ 


(It), 

■ '(It). ■ ’''dr), (st). 

/'bv\ 


therefore 
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Continuity of the liquid and gaseous states from the thermodynamic standpoint 

Continuity of State from the Thermodynamic Standpoint 

In the preceding chapter we have deduced several important relations 
on the basis of thermodynamics, and we have now to see what con- 
clusions they lead to when applied to the equilibrium conditions which 
obtain in the distnbution of matter in space, under varying conditions 
of temperature and pressure It is proposed therefore to review again 
the more important equations of state already treated from the mole- 
cular kinetic standpoint (Vol I chap ii ) It will be seen that the 
introduction of these general thermodynamic theorems considerably 
enlarges the number of conclusions which we are able to draw from the 
respective equations of state, with regard to the behaviour of gas or 
liquid systems By comparing the theoretical conclusions with actual 
expenmental results we gam a further insight into the limits of applica- 
bility of our equations of state and the assumptions upon which they 
rest In this way we are able to discriminate to a large extent between 
conflicting theories and assumptions 

The relations which we may first consider are — 



In the first of the above relations I stands for the latent heat of ex- 
pansion, that IS, the heat which has to be added to a system to keep 
the temperature constant while the volume increases by unity As 
already pomted out, this relation may be applied to homogeneous and 
heterogeneous systems alike. For the present we shall consider homo- 
geneous systems only, t e systems consisting entirely of gas or entirely 
of liquid 

First take the case of a perfect gas The characteristic equation 
for such a body is — 

pv = RT 

We have already seen (p 43) that for the expansion of a perfect gas 
against a pressure p the following holds good, mz — 

Idv — pdv 
5S 
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No heat is taken m to do internal work, and therefore there must be no 
internal work to do This is a thermodynamic proof of the conclusion 
to which we have already come on kinetic considerations, viz that there 
are no cohesive forces existing between the molecules of a perfect gas, 
and therefore there can be no internal work done on expanding (cf 
Joule’s experiment (p 20)) Further, since for a perfect gas— 

5 

VSTA c 

It follows that on again differentiating with respect to T, keeping v 
constant, 



for both R and v are constant Therefore, from the second thermody- 
namic relation (p 5^) considered it follows that 



In other words, the specific heat of a perfect gas at constant volume is 
independent of the absolute magnitude of the volume. That is, suppose 
we consider one gram of a perfect gas occupying a volume v, and we 
raise the temperature 1°, keeping the volume at v, we require to add a 
certain quantity of heat C» If we consider the same mass of gas at the 
same temperature as before, and at quite a different volume Vx (the 
pressure being, of course, different now), and we raise the temperature 
1°, keeping constant, it will be found that the amount of heat le- 
quired is again Ct, * 

Comparison of Some of the Equations of State 

There is no such thing in nature, however, as a perfect gas Let 
US therefore consider actual gases, and let us suppose that we can apply 
VAN DER WaALS’ EQUATION — 

(j> + |l)(» - « - 

From this we obtain by differentiation — 

VD iVt, V - b ' 

, RT . .a 
therefore t = ^ ^ — P 

or ^‘0 = 

In words, for an expansion dv the heat which has to be added to keep 
the temperature constant, mz {Idv), is equal to the external work done 

(fdv) plus the internal work done against the cohesive force 
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Thus, for a van der Waals gas the heat entry at constant 


temperature is greater than the heat which has to be added in the case 
of a perfect gas, by the amount representing the internal woik done 
Again, on differentiating the equation — 



R 


V - b 


with respect to T at constant we obtain — 


therefore 





t e van der Waals’ equation leads to the conclusion that the specific 
heat at constant volume of an imperfect gas (one obeying van der 
Waals’ equation) is independent of the volume (The same conclusion 
was reached in the case of a perfect gas ) This conclusion is, however, 
not borne out in practice, as the value of is found not to be inde- 
pendent of volume [v) In general as v increases Ct, diminishes, though 
sometimes the reverse is the case The following examples are quoted 
by Kuenen [Dte Zustandsgleichung^ p ii8, from Reinganum, Disserta^ 
twn, Gottingen, 1899) In order to deal with different values of the 
smaller limit for this quantity refers to the substance entirely in the 
liquid state, the higher limit referring to the substance (at the same 
temperature) completely in ttif state of vapour 


Substance 

C^ Liquid 

Vapour 

V Very Small 

V Large 

Ether 

0358 

0346 

Carbon disulphide 

0 160 

/ 0 131 (Regnault) 

\o 105 (Wiedemann) 

Chloroform 

0 156 

f 0 140 (Regnault) 

|o 115 (Wiedemann) 


In the case of carbon-dioxide, Dietenci [Annalen der Fhysik, [4], 12 , 
173, 1903) states that the for small values (i i — i 125 cc)is o 24 
and that it increases with increasing volume, reaching a tnaximum 
Cv = o 34 in the neighbourhood of the cntical volume, and then de- 
creases with further increase in volume An analogous behaviour was 
observed in the case of isopentane Cf M Reinganum {Annalen det 
Fhystk^ 18 , 1008, 1905) 

The Ramsay and Young Equation of State may be put in the 
form — 

I = - F(z;) 

and, as already pointed out, the van der Waals equation is a special 
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case of this, so that this relation leads to the same conclusions regard- 
ing Cv as those already obtained Thus — 

I = = T/(z-) + FCz/) 

or Idv = pdv + t (v)dv 

If we substitute ^ for F(z^) we get the van der Waals result 

Similarly — 

(sp) - JT-yW' - ° “ “““ 

Now let us see to what conclusions the Clausius Equation leads 
when treated in the same manner This equation, it will be remembered, 
differs from van der Wails’ or Ramsay and Young’s in that the cohesive 
force was considered to vary with the temperature, and at the same 
time was a more complex function of the density The equation is 

RT ^ 

^ V — b T{v + d)v 

In this case — 

V^tA V - b^ THv + c)v 
” 

\bTJv V - 6 T{v + c)v 

a a 

“ T(» + c)v T(t» + c)v 

2a 

Tip + c)v 

I — = ;) + ^ 


,, -r 2a , 

or Idii dv 

In words, this means that the heat which has to be added to keep 
the temperature of the gas (or liquid) constant while a volume increase 
takes place is equal to the external work done in expansion plus twice 
the internal work done in expansion In this case therefore when the 
volume changes the heat entry is not equal to the external + the internal 
work as in the case of a van der Waals substance, but there is an extra 
indraught as well In this case the extra indraught happens to be just 
equal to the internal work done, mz — 


a 

T{v + c)v 


dv 
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Further, it is seen that — 

_ 2dl 
V2)TVt; T\v + c)v 

and therefore (^') ~ ^ negative quantity, 

/ e the specific heat measured when the volume is kept constant during 
the 1° rise should decrease when the mass employed is caused to occupy 
a greater volume, z ^ by working at different pressures There is no 
evidence of a change of sign such as that actually exhibited by carbon- 
dioxide and isopentane 

Again, let us take the Dieterici Equation — 




RT 

V - b 


— a 



which may be wntten in the form — 



logp = log T + log - 

whence 

_p anp 

VDTA T oT»+i’ 

t)r 


hence 

Idv = pdv + dv, 


a 


z e heat which is required to be added to keep the temperature constant 
= the external work done plus a positive quantity due to internal work, 
to which no simple physical meaning can be attached 


whence 


Application of the Thermodynamic Relation 
Cp - C„ = (see p 56) 

For a perfect gas — 

= RT 


iYt\ = 5 

p ■” \dTjy V 

therefore ~ = R, a result to which we have already come (p 44, 

footnote) 

For a substance obeying van der WaaW expression we would have — 

p =» 


therefore 


(. 1 ). 


V - b 
R 

V ” 


, therefore Tj 


'}i\ - 


RT 
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Also to get we may differentiate van der Waals’ equation as 

given above Remembering that/ is constant, and therefore °> 

we find — 

R RT l'M\ 

(z, - 

R 

/^\ ^ V - b 

• VdtJj RT gg 

(» - iA 

RT R 

r r - ^ ~ ^ V - b 
\v - 

R 

” 2a(0 - b^^ 

^ ~ RTo^ 


Since the denominator is less than unity, the expression for Cp - C„ 
IS greater than R, the extra amount being due to the cohesion effects 
between the molecules The following short table gives some experi- 
mental values obtained for Cp and C„ (m the region of 
ture) No attempt is made to compare these values with the above 
expression, owing to the doubt which exists as to what values should 
be taken for a and b (since they are not quite constant) and (Cp - 
being a small quantity, the calculation would be sensitive to numerical 
errors The values show, as might have been expected, that at this 
temperature oxygen (O,) and hydrogen (H,) approximate verj nearly 
to perfect gases, whilst {Cp - C,) is m the cases of ammonia and carbon 
dioxide distinctly greater than R 


Gas 

Cy per gram 

Cp per gram 

(Sp - 
per mole 

R per mole 
m calories 

Perfect gas 

Hydrogen 

Oxygen 

Ammonia 

Carbon dioxide 

2 4211 

0 1556 

03951 

0 1669 

3 4090 

0 2175 

0 5205 

0 2169 

1985 

1 976 

1 981 

2 108 

2 20 

1 1985 


The value {Cp - C,) calculated on the Dietenci equation is very 
complicated and need not be given here 
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The Porous Plug Experiment of Joule and Thomson and the 
Phenomena of Inversion Points 

This experimental investigation was carried out as an extension of 
the Joule experiment already alluded to, with the object of finding by 
much more refined methods the divergencies of real gases from the re- 
quirements of the perfect gas The conditions of the present experi 
ment, however, differ in principle from that of the Joule experiment, 
and It must be clearly borne in mind that the conclusions to be drawn 
from each are different In the porous plug experiment, as the name 
suggests, a gas was forced through a resistance consisting of a diaphragm 
fitted with a fine opening, situated in the axis of a wider tube A 
diagrammatic sketch is given in Fig 12 Owing to the resistance of 
the plug, the pressure was higher on one side than on the other, and it 
was shown by means of a sensitive thermometer placed at the plug that 
on the low-pressure side the temperature was less than that on the high- 
pressure side This behaviour was exhibited by all the gases examined 
by them with the exception of hydrogen, which was found to be at a 
higher temperature on the low-pressure side On passing through the 


piVjVi 




% 


Fig 12 


plug, therefore, most gases are cooled, hydrogen being warmed , the 
experiment being carried out in the region of atmospheric temperature 
When, however, the experiment is carried out at a sufficiently low 
temperature, there is a cooling even in the case of hydrogen on passing 
through the plug This behaviour suggests the existence of an inver- 
sion point (or more than one, as we shall see later) for all substances, 
at which point there would be neither cooling nor heating on passing 
through the plug Joule and Thomson found that the cooling, t e the 
fall in temperature produced, was proportional to the difference in 
pressure on the two sides of the plug That is if — represents the 
cooling, then - A/ = where {p^ ~ /o) is the difference of 

pressure and ^ is a constant charactenstic of the fluid under examination 
and is the fall of temperature for i atmosphere difference in pressure. 
At atmospheric temperature in the case of air, it was found that 
^ =3 0 262 , for carbon dioxide k ^ i 225° For hydrogen k is 
negative Natanson found later in the case of COg at 20° C that k 
increases somewhat with the pressure Joule and Thomson further 
found that k is mversely proportional to T^, that is — 



Rose-Innes {Fhtl Ma^ ^ 45 > 227, 1898) found that the results 
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obtained by Joule and Tnomson for the cooling {K) per i atmosphere 
pressure difference could also be represented by the formula — 

= A - ~ 

It may be pointed out that the Rose-Innes formula, if a valid on^ 

indicates that a point of inversion must exist, t e when A — ^ or T — ^ 

so that It agrees with the observation already referred to and obtained 
by Olszweski in 1901 in the case of hydrogen Now the cause of the 
thermal e(fect is the divergence of the gases from the perfect state 
These effects may be divided into deviations from — 

(1) Boyle's Law (Boyle’s Law states {pv)t = constant ) 

(2) Joule’s Law. (Joule’s Law states that U = KT and is inde- 

pendent of volume ) 

The deviations from Boyle’s Law may be separately examined, as 
has already been done in dealing with the pv y. p diagram of Amagat 
(Vol I chap 11 ) If we could eliminate this we could get the devia- 
tion from Joule’s Law Consider in the diagram of the tube (Fig 12) 
two points, A and B, sufficiently far removed from the plug itself that 
the gas flow is steady at these points Suppose A is on the high- 
pressure side and suppose further that Ui is the internal energy of i gram 
of gas at the point A, and U2 is the internal energy of i gram of 
gas at the point B. Consider the block of gas AB Suppose it to 
move so as to occupy the volume AiBi There is the same mass of 
gas in the slab AAi as there is m BBi, though of course the volumes 
are different, since the pressures are different Suppose for simplicity 
that each slab contains i gram of gas Further, let AA^ = Vi and 
BBi = Vg In forcing the block of gas AB through the tube contain- 
mg the plug the work done on the gas at the high-pressure side is 
when pi is the high pressure The work done by the gas on 
the low-pressure side is The net work done on the gas equals 

This is a gain in energy, since heat has been neither added nor 
subtracted The net gam in energy is U2 - Ui , 
therefore p^\ - ^2^2 = U2 “ 

or p-^\ + Ui = p^% + U2 

That is, in general on both sides of the plug we have the same value 
for the expression {pv + U) or — 

+ U = constant 

If Boyle’s Law (pv)^ = constant and Joule’s Law (U =» KT) both 
held gold, then/0 + XT would depend on temperature only^ t e would be 
uninfluenced by the volume change which necessarily takes place on 
passing from a high to a low pressure But (pv + U) is shown to be 
constant whether the gas laws are obeyed or not^ and hence, if they were 
obeyed, T would necessarily be a constant likewise, that is, there would 
VOL II 5 
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be no Joule-Thomson effect (cooling or heating) on passing through the 
plug The existence of the temperature change is therefore due to one 
or both of the laws breaking down 

(i) DeviaUo 7 i from Boyle s Law 

This need not be gone into here, as it has already been discussed 
(Vol I chap 11 ) It may be recalled that with increase of pressure up 
to a certain value gases — with the exception of hydrogen — show them- 
selves to become more compressible than the law required In the 
plug experiment, therefore, we see what the effect of this will be, that 
the product (fv) for a given mass ts greater on the /(i>ze/-pressure side 
than the corresponding product for the same mass on the high-pressure 
side Here, in order that fv may become the same on both sides 
(since + U is the same on both sides) it is necessary to lower the 
temperature on the low-pressure side, t e the gas cools on passing 
through the plug Thus from the observed deviations from Boyle’s 
Law we would expect a cooling on the lower-pressure side of the plug 
except in the case of hydrogen ^ Further, we may consider the case 
in which the pressure is so great that for all gases (at room tempera- 
ture) the compressibility is less than that of a perfect gas, / e we 
^^Ppose that we are at the region of ascending curves on the 
diagram In such a case the value of pv of a given mass on the high- 
pressure side may be greater than that on the low-pressure side, and 
hence the temperature on the low-pressure side would have to be 
raised to bring x\itpv up to the value of the other side It is con- 
ceivable, however, that the pressures might be so chosen that the pv 
values (as given on the Amagat diagram) are the same on both sides of 
the plug This, however, would not mean that the temperature would 
remam the same on both sides, for the expression which must be con- 
stant IS (U + pv\ not pv alone 


(2) Deviation from J outers Law 

According to Joule s Law the internal energy of a given mass should 
depend on the temperature and not on the volume occupied Since m 
actual gases cohesive forces are present, it follows that in an expansion, 
work must be d^ne in drawing the molecules apart, and therefore at the 
larger volume the given mass contains a greater value of U than at the 
smaller volume, and hence if U is to be constant on both sides of the 


to With regard, to the Amagat diagram one must be careful not 

such points It IS triip fW -R ^ g^wen p the expression pv is a minimum (At 

Penme^^^rLn^^^^ momentarily obeyed, and if the plug U 

then we could 
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plug we must decrease the temperature on the larger volume side, i e 
m the low-pressure side This should hold for all gases 

We might summarise the thermal effects to be expected on the low- 
pressure side of the plug owing to deviations from the Gas Laws as 
follows — 

Deviations from Boyle s Law — Heating or cooling produced ac- 
cording to the temperature and actual absolute pressure worked at 
Deviations f 7 om Jouli s Law — Cooling in all cases The observed 
phenomena will be the resultant of these simultaneous effects 

The Joule-Thomson porous plug experiment has received an im- 
portant technical application in that it is the basis of one of the methods 
used in the liquefaction of gases Cf infra 

We may now treat the porous plug thermal phenomena from a 
somewhat more quantitative thermodynamic standpoint In the first 
place It must be pointed out that we are dealing with an irreversible 
phenomenon, since we cannot make the gas retrace its path from low 
to high, the pressure difference being a finite one, and the heat is there- 
fore dissipated However, the function (U + fv) depends solely on 
the actual state of the gas, and so its variation in value between two 
states depends solely on the two states and not on the path of transform- 
ation between them^ whether that be reversible or not Now we have 
already seen (page 55) that — 


^(TJ pv^ ~ C^T -!-(/+ v)dp 

a..d / - - T(|i)^ 

Therefore d{\J + pv) = Cpdl {v ~ fp 

Hence, since U + pv has the same value on both sides of the plug, 
i e since ^(U + p 7 ^ — o, it follows that — 




IS the equation connecting the change of temperature (on passing 
through the plug) with the change of pressure 

This expression should hold good in all cases Now, if we happen 
to be at the temperature at which there is no change of temperature, 
t e A/ = o, and since dp is not zero, we have — 



as the criterion of the inversion point, this denoting the temperature at 
which the thermal effect is nil We can see, perhaps, a little more 
clearly the physical meaning of this expression if we divide across by v 
The expression is then — 


T/^\ 

vK^fJp 




5 
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The coefficient of thermal expansion at constant pressure is 1 

AX, ^ 

and hence the inversion point is defined as the temperature at which 
e coemcient of ppansion of the fluid at constant pressure is equal to 
the reciprocal of the absolute temperature 

Liquefaction of Gases 

technicall>, namely, the free-expansion 
^ Linde’s machines) and the work-expansion 
method (Claude’s machine) 

In the free expansion method the liquefaction is regarded as being 
entirely due to the Joule-Thomson effect The compressed gas is 
a lowed to escape through a fine nozzle into an expansion chamber, the 
cooled gas being caused to flow back over the pipe containing the on- 
coming compressed gas which is thus cooled progressively, until finally 
1 s temperature has fallen so low that the free expansion at the nozzle 
causes the formation of drops of liquid The cooling effect produced 
in this way is by no means great unless high pressures are used In the 
lollowmg table are given a few data upon air denotes the lower^ 
ing in temperature produced by the expansion when the air is initially 
a a emperature t C , and under a pressure of p atmospheres, the gas 
expanding to a pressure of one atmosphere 


toe 

p==68 

At 

^«204 

At 

0 

17 I 

44 6 

~ 20 

203 

52 I 

- 50 

25 8 

664 

^ go 

40 2 

992 


fart expansion method the coolmg is mainly due to the 

K adiabatically m driving an engine, 

e ther a turbme or piston machme This engine driven by the expand- 

compressor and Issists the K to com- 
the gas as it is fed into the machme The cooling effect brought 
the domg work is much greater than that produced^y 

ifc *11 ^ Joule-Thomson effect, but 

the ena^^ adTlSh produced by the act of workmg 

aV.r,.t ^ adiabatically. Progressive cooling of the gas is brought 

the fr^^e^ion mS£d* descnhed in connection v^tb 

less c^rreTtoTl^W 1 neverthe- 

IMS correct to say Aat a perfect gas could be liquefied bv the work 

^pmsion method al&ough it woifld not expenencelny Jouk-Thomson 
thT w 1* ^ air, about og per cent of 

tong trSa'jJdtnllX'*”'' 
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plug Will a gas which obeys van der Waals’ expression, for example, 
show this behaviour P 


(a) Investigation of van der Waald Equation 
Instead of writing this in the usual form, it is more convenient to 
make use of the reduced form, t e pressures, volumes, and temperatures 
will be expressed as fractions a, /3, y of their critical values The re- 
sults will be the same for every fluid obeying this equation {cf the 
section dealing with corresponding states (Vol I chap ii )) The re- 
duced van der Waals equation is — 


(“ + ^)(3)8 - I) = 8y . . . (l) 

Now we have already seen that the equation characteristic of an 
inversion point is — 



or, writmg this in the reduced form also, we obtain — 



. {^) 


By differentiating (i) with respect to jB, and substituting in (2), we 
obtain for an inversion point the relation — 


- 8 y ^ 6(3^ 


3^ - I 




^ = 0 


From this it follows that the inversion temperature (on the reduced 
scale) IS given by — 


V - 3(3^ - 
^ 4/8^ 

From this and the previous equation, y 
result — 


• • • • (3) 

can be eliminated with the 


. . (4) 

This formula connects the reduced pressure and volume which 
correspond to an inversion point The simplest mode of calculation is 
to obtam y by equation (3) for a series of assumed values of jB, and 
then to calculate a by means of equation (4) for the same values of p 
Working in this way it is found that on the y, a diagram (Fig 13) the 
curve is roughly as shown This means, in the first place, that for a 
given fluid there is a continuous series of inversion points possible (corre- 
sponding to different values of ^), up to a certain temperature, above 
which there is no inversion , and, still more striking, there are two tem- 
peratures corresponding to each pressure at which inversion can occur ^ 


1 The quantitative relations are summarised by Porter as follows 

^ (i) For all pressures from zero to nine times the critical pressure there are two 

mv^on temperatures which may range from a little below the critical temperature 
to about o 7 times the critical value 

(2) At pressures higher than nine times the critical value there is no inversion 
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however, the turning point indicating the highest temperature at which 
inversion is possible is clearly seen It is important to note that while 
me values for nitrogen he on the upper part of the curve, those for 

the diagram is 

sufficient to show how much better Dieterici’s equation reproduces the 
expenmental values than does van der Waals’ equation On the basis 
01 the porous plug experiment the conclusion is, therefore, that Dieterici’s 
equation is more in agreement with the observed behaviour of fluids 
than IS van der Waals’ 

The problem of the shape of the curves indicated m Fig 13 has 
^ Daniell {private communication), who finds 
that the curves are not true parabolas and not symmetrical Darnell 
further points out that the Dietenci curve, so far as it is given in 
the diagram, starts at the ongm of the axes and remains very close 
to the y axis from y = o to y = i , the curve then turns off sharply 
direction as shown in the figure Instead 
therefore of the Dietenci curve cutting the y axis at y = i, the reader 

reaching the axis at this value and then 
dropping almost perpendicularly to y = o 

Heterogeneous Systems consisting of Saturated Vapour in 
Contact with Liquid 

, The Equality of the Segments of the Hypothetical Isotherm m the 
Heterogeneous Region 

According to the 
Second Law of Thermo- 
dynamics the external 
work done by a system 
in passing isothermally 
and reversibly from the 
initial to the final stage 
IS independent of the path 
followed Let us apply 
this pnnciple to the con- 
sideration of the passage 
from the completely gase- 
ous (volume Vi) to the 
completely liquid state 
(volume Vq), this change 
being supposed to take 
place isothermally Re- 
fernng to the pv diagram 
(Fig 14) already given, 

It is evident if we consider 
that we can, pass from k ai. region of saturation 

.h. h,„o„u, 
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followed by the system, or on the other hand, by the hypothetical 
isotherm suggested by James Thomson, and reproducing the van der 
Waals equation Following the first path, namely, the horizontal 
AB, the external work done in compressing is represented by the 
expression p[vi - z;o), where p is the vapour pressure This work is 
represented by the area ABCD Following the second path, namely 

BEGFA, the work done is '^pdv^ where p is no longer constant but 

varies continually throughout the volume change This work term is 
represented in the diagram (Fig 14) by the area BEGFADC, and it is 
evident that if BEGPADC is equal to ABCD, it follows that the two 
areas BEG and GFA are equal, that is — 

- ^ 0 ) = 1 ^pdv 

This was first pointed out by Maxwell The conclusion is probably 
correct, but it must not be forgotten that the second path followed is 
a hypothetical one never yet realised in practice — at least between 
E and F 

TJte Method of applying van der Waald Equation to the Beterogen- 
eous System^ Vapour^Liquid 

It has been already pointed out that van der Waals' equation 
applies, I e reproduces experimental facts at least approximately, for the 
homogeneous system consisting either of liquid or of gas By the intro- 
duction of the Maxwell assumption considered above, it is possible to 
use van der Waals’ equation, to obtain information regarding pressures 
and volumes of heterogeneous systems m the following way The two 
points A and B both lie on the hypothetical and the real isotherms To 
each of these points we can apply the van der Waals equation 
Further, the points A and B represent the values which are the limits 

of integration in the expression I ^pdv We can therefore apply van der 

Waals’ equation to carry out this integration by writing / as a function 
of namely — 

RT g 

^ V b 

Hence f\dv = RT log ^ ± 

° Vo - b Vx Vo 

a and b being regarded as constants 

But according to Maxwell’s assumption — 

\pdv =p{Vx - Vo) 
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The point A is charactensed by the equation — 

(/ + ^f.)(^o-^) = RT ... (a) 

The point B is characterised by — 

(^ + ^)(^x-^) = RT ... (3) 

From these three equations it is possible to find, for example, vapour 
pressures or specific volumes of liquid and of saturated vapour as func- 
tions of the temperature 

Expressions for the Pressure of Saturated Vapour [zn contact with Liquid) 
and the Heat of Vaporisation 

In the section dealing with the continuity of state from the kinetic 
standpoint, we have considered several expressions of this kind in some 
detail (Vol I chap ii ) The problem still deserves a little further 
discussion The most important relation between latent heat of 
vaporisation and pressure is thati deduced on the basis of the First and 
Second Laws of Thermodynamics, and known as the Clapeyron equation, 
which may be written, on the assumption that the vapour obeys the efas 
laws, in the form— ^ ^ 

dx. 

in which represents the molecular heat of vaporisation, R havmgthe 
value I 985 calories This can be rewritten in terms of the con centra- 

saturated vapour hy applying the gas law in the form 
p = CRT, namely — 

~ RT = C 

d’Y 

The left-hand expression denotes the internal molecular latent heat of 
vaporisation As measurements show this heat varies in a continuous 
and gradual manner with temperature , we can therefore write— 

Aw, - RT = Ao + aoT + ^oT^ + yoT^ + etc 
h/mploying this to integrate the above equation, one obtains — 

C = g log T + + + t 

where * is an mtegration constant. We can easily transform this back 
mto vapour pressure terms by puttmg/ = RTC, whereby we obtain— 

log/=-:^«- + ^^!^^logT + |T + ^T^+* +r + logR 

The last two terms may be added and considered as a single constant— 

r - ^ R 


2 3023 
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This term Cq is called by Nernst {Applications of Ther'modynamics to 
Chemistry) “the chemical constant” of the substance in question It 
must be remembered that at ordinary temperatures the gas laws only 
hold appioximately for saturated vapour At lower temperatures, how- 
ever, the application of the gas laws becomes increasingly more valid 
For this reason, therefore, Nernst and his pupils have m recent years 
carried out a considerable number of very accurate vapour pressure 
determinations at temperatures considerably below o° C Details of 
these will be found in his book already referred to {Applications of 
Thermodynamics to Chemistry)^ and also J T Barker {i^it fur physik 
Chem , 71 , 235, 1910) 

The calculation of / or Cq can be of course carried out directly by 
substituting a number of experimentally determined values for log p m 
the vapour pressure equation given above Nernst has, however, modi- 
fied this form of procedure in several ways It would be, however, out- 
side the scope of this book to go further into this point Full details are 
given in Nernst*s Applications of Thermodynamics to Chemistry The 
following table contains a summary of the values of the chemical 
t + log R 

constant ^ (Nernst, loc cit ^ p 75) — 


Substance 

Chemical 
Constant per 
Mole 

Substance 


Hydrogen 

2 2^ 

Carbon-dioxide 

3 2 

Methane 


Carbon-bisulphide 

3 I 

Nitrogen 

26 

Ammonia 

3 3 

Oxygen 

2 8 

Water 

3 7 (3 6) 

Carbon-monoxide 

3 6 

Carbon-tetrachloride 

3 I 

Chlorine 

3 0 

Chloroform 

3 2 

Iodine 

40 

Benzene , 

3 I 

Hydrochloric acid 

3 0 

Ethyl alcohol 

4 I 

Nitric oxide 

app 3 7 

Ether 

3*3 

Nitrous oxide 

3 3 

Acetone 

3 7 

Sulphuretted hydrogen 

30 

Propyl acetate 

3 8 

Sulphur-dioxide 

3 3 



As a general rule the value of the chemical constant is about 3 
Another interesting relation is that known as Troutons Law 
According to this law the molecular latent heat of vaporisation divided 
by the boiling point ^ is a constant The limits of applicability will be 
seen from the following table (Louguinine’s data, Winkelmann^s 
Handbuch^ vol 111 ) — 

^Nernst’s Text-book, English translation of the 6th German edition, gives 
Co = I 6 for H, 

2 In absolute units 
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Substance 

Boiling Point 

MA 

T 

Methyl ethyl acetone 

Diethyl acetone 

Dipropyl acetone 

Acetal 

Octane 

Aniline 

0 Toluidme 

Nitro-benzene 

Acetonitrile 

Pyridine 

78 68° C 

101 08 

143 52 

102 91 

125 3 

184 24 

198 92 

210 6 

81 54 

115 51 

21 25 

20 90 

20 73 

20 78 

20 28 

21 22 

21 55 

20 70 

19 74 

20 12 

Ethyl alcohol 
n Propyl alcohol 

ISO Butyl alcohol 

78 20 

96 I 

107 53 

26 39 

26 59 

26 12 

Acetic acid 

Propionic acid 

119 2 

141 05 

13 74 

1634 


The “normal ” value for the constant is about 207, and a large 
number of different substances approximate fairly closely to this On 
the other hand, substances such as the alcohols and acids, which are 
known to be polymerised in the liquid state, give different values for 
the coMtant The law therefore is not general 1 Although put forward 
in the first instance as an empmcal relation, it has a certain amount of 
theoretical basis from the standpoint of van der Waals’ theory of corres- 
ponding states The reasoning is as follows — 

Starting fi:om the Clapeyron equation — 

^ (til - V,) 

and rewritmg the T, p, and ® terms in reduced units 



this expression becomes — 


h_Pjhdo. 

T ~ T, 

we corisider one gram-mole of each of a series of sub- 

tii-h heat becomes MX Smce we are dealing 

with the same number of molecules m all cases, R is the same, and th! 


expression 


pcD 


R 


will be the same for all (namely, according to van 
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der Waals’ equation, or m actual cases) Further, if we are com- 
paring the substances at corresponding temperatures, a, B, and v will 
be the same for all substances, and therefore at corresponding tempera- 
tures the expression ^ will be the same for all substances. Now 

Guldberg {Zettsch physik Chem , 5, 374, 1890) and Guye (Rult Soc 
(T ’ j pointed out that the ordinary boiling points 

ot liquids under atmospheric pressure — are practically corresponding 
temperatures , the boiling points being approximately two-thirds of the 


critical temperature te y = ^ Hence at the boiling point ^ should 

be constant for all substances This is Trouton’s Law 

f'lrther semi-empinc expression for MA. 1 has been given (Nernst, 
^plications of Thermodynamics to Chemistry, p 103, or Theoretical 
(chemistry, English translation, 6th German edition, p 273), namely— 


MX = 




/l 


Ti - To 

X JT ^ Z 

in which and /2 denote vapour pressures corresponding to Ti and To 
two temperatures which differ by so small an amount that their geo- 
metrical and arithmetical means may for practical purposes be said to 
equal one another This mean temperature is the one to which \ 
corresponds Ihis formula gives in fact values which agree with the 
direct measurements, in general the heats of vaporisation calculated 
with Its aid are more accurate than those determined calorimetrically 
In the following table are given the values of the boiling point To (on 
absolute scale), and molecular latent heat of vaporisation calculated by 
the ab(^e expression , with the exception of the case of hydrogen 
where Bewares expeiimental value is employed The third column 

gives the value of — , which is Trouton^s expression It will be seen 
that this value is by no means constant — 


Substance 

To 

MX 

in Calories 

MX 

To 

9 5 log To - 0 007 To 

Hydrogen 

Nitrogen 

Air 

Oxygen 

Ether 

Carbon bisulphide 

Benzene 

20 40 

77 5 
860 

90 6 

307 

319 

353 

248 

1362 

1460 

1664 

6466 

6490 

7497 

12 2 

17 6 

17 0 

18 3 

21 1 

20 4 

21 2 

12 3 

174 

178 

18 0 

215 

21 6 

21 7 


The expression occurring in the last column is given by Nernst, lyho 





78 


A SYSTEM OF FITYSICAZ CHEMISTRY 


calls It the revised rule Of Trouton, the expression ^ is not to be 
toThe 5Lbon— ^ function of the temperature according 


^ log To - k{T 

this ^ respectively for all substances In 

The furthi Zbi Polymerised substances do not show agreement 
wil be mken ^°i" P^^^^^os of saturated vapours 


iSakker s Equation 

followmfreLmn- ^ P’^^ forward the 

A. = + /(®i - t'o) 

l^SionmThl",nTr* pressure or cohesive force per unit area across any 

WOTk doL whenTJ 1 represents therefore the internal 

woric aone when the system expands by dv 

A. = latent heat of vaporisation per gram 
= volume of i gram of vapour^ , 
zjq = volume of i gram of liquid same temperature 

p « vapour pressure 

We may write this expression in the approximate form— 

RT 




Kdz) + 


M 


RT 


m which we have neglected compared to and have put M 

as a first appropriation (M = molecular weight of vapour) ^ 

Or callmg X, the internal latent heat per gram— ^ ^ 


A..f 


'Kdv 


Bakker integrated this expression on the assumption that K may be 
represented as a function of », according to the expression K = 4 
where A is a constant This leads to the equation— " ’ 

ii)’ ^PP'^oximately ^ 

It may be noted that Bakker deduced this expression without refer- 
ence to van der Waals’ equation In van der Waals’ equation K = - 

®2’ 
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so that the A in Bakker’s equation would become identical with a pro- 
vided K were really represented by — , that is provided a were inde- 

pendent op temperature Bakker himself [Zeitsch physik Chem , 12 , 670, 
^^93) tias shown the connection between A and a namely — 

a = (.-tU) 

Let us, however, regard a as independent of temperature, as a first 
approximation Call it at at the temperature of the vaporisation con- 
sidered To illustrate how far Bakker’s relation in the form — 


applies in practice, a table due to J Traube [Annalen der Ehysth, [4], 
8, 300, 1902), IS given below It will be observed that ac (the value 
Waals’ constant at the critical temperature) is greater than 
at (the value of the same “ constant ’’ at the temperature of vaporisation), 
and hence Traube gives two series of calculated values for the latent 
j ® values were obtained by Traube from the abbreviated van 

der Waals equation — 

= RT 


Substance 

W 

1 

£h 

in c c 

0 

u 

S 

in Liter 3 
Atmosp 

" p, 

M 1/3 

wJ 0 

i a 

e 

A Cafe I 

Using 

A Calc II 

Using 

A Observed in 

Cal per Gram 
molecule 

Mercuiy 

Iso-pentane 
n -Hexane 

Ethyl ether 
Chloroform 

Carbon tetra- chloride 
Carbon bisulphide 
Benzene 

Methyl formate 

Ethyl acetate 
Nitrogen 

Sulphur dioxide 

Ethyl alcohol 

Acetic acid 

Water 

360 0 
28 0 
69 0 

348 

60 9 
76 2 
46 2 
80 25 
329 

75 9 

-1944 

10 0 
78 I 
119 2 
xoo 

142 

873 

104 I 
79 3 

78 I 

72 I 
47 6 
78 7 

48 0 
15 5 

15 72 

1179 
1398 
106 4 
845 
1037 
62 I 
96 2 
62 7 
106 0 
332 

43 9 
623 
638 

18 9 

18 20 

2458 

17 44 

14 71 

19 20 

II 20 

18 36 
II 38 

20 47 

I 35 

6 61 

15 22 
17 60 

5 77 

8 68 

11 23 
15 37 

10 56 

12 04 

11 13 

654 

1179 

8 29 
3 29 

4,340 

4,^90 

4 ) 88 o 

5,185 

5,010 

5,050 

5,010 

5,380 

1,140 

4,175 

6,620 

5,390 

8,190 

14,660 

2,910 

3,340 

3,020 

3,510 

3,510 

3,140 

3,390 

3,930 

4,980 

14.540’ 

6,000 

6,260 

6,985 

7.130 

6,600 

7,290 

6.970 

7.640 

1,620 

6,090 

9,440 

7,470 

9,660 


^ This IS not the figure given by Traube in 
mm m Zeit f anorg Chem , 34, 423, 1903 


1902, but the later value given by 


The term a is given in (liter)^ x atmosphere because ^ has the dimensions of 
a pressure, and therefore ^ is energy, so that a = energy x volume 
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Traube made use of the values of (Joe at ,-p 284 , tbti , 6, 552, 
9101) obtained from the van der Waals equation at two slightly different 
temperatures in the region required The values of are those calcu- 
lated by Guye (Arch Science phys et naiur , Geneve, 9 i 2*) 1900) — 

^ _ 27 
^■“64 P, 

The column headed X calc I refers to ac, \ calc II refers to at 
It may be pointed out that the term ac has a much more definite signi- 
ficance than at since the former is obtained from the critical values of 
P and T alone, whilst the latter depends on the more or less arbitrary 
value of 3 t which holds good for a certain temperature arbitrarily chosen 
The values, of at axe therefore not as comparable with one another as 
the ac values 

It will be noted that the agreement between observed and calculated 
values IS not good, the observed values being greater than the calcu- 
lated, and rather remarkably, the discrepancy is greater in the case of 
the at values than in those calculated from the ac values. Traube dis- 
cusses these discrepancies, but it would be outside our present purpose 
to follow him further It may be noted that in the case of mercury the 
value of X calculated from at agrees well with the observed value, thus 
pointing to the possibility that in the case of this substance the constant 
<3! IS in reality very nearly independent of temperature The same is 
approximately true for bromine, given in a later paper by Traube, loc cit ^ 
namely, A observed, 7296 calones , calculated, 6620 calories. The 
same thing holds good for zinc and cadmium (and perhaps for other 
metals as well), mz — 



A Observed 

® 2 f 


per Gram molecule 


Zme . 

23.500 

25,450 

Cadmium 

23,480 

23,450 


For sulphur, however, the discrepancy is marked • X observed, 

23,170 calones per gram-molecule, -i- RT = 32,300 calones It 

may be noted that m Traube’s table of liquid substances already given, 
water and the alcohols which are known to be considerably associated 
do not appear to behave in any charactenstic manner different from 
other liquids as regards the values of X calculated and k observed 
Inis IS rather surprising 

a RT 

Bakker’s equation X = - + _ may be put into an alternative form 
1 Traube {Zett f anorg Chem , loc cit ] 




DlETERlcrS EXPRESSION Si 

by substituting an expression containing h by the aid of van der Waals’ 


equation Thus, according to van der Waal^s equation, since ^ is 
simply K, the cohesive pressure, 



XT R'T 

* ^ ^ 

where R' refers to 

JtC. 

I gram and may be written R being i 985 cals 

• 

Y^dv =s ~dv — pdv 

hence j 


Now 

X == 1 ^Ydv 4 - p{vx - 


RT Vx- b 


b IS, of course, here assumed to be a constant, and this expression is 

CL lil.T ^ 

Simply an equivalent of — + -^.s already pointed out, the calcu- 


lated values are in nearly all cases lower than the observed, and there 
IS no doubt that the discrepancy is due to the variation of a and b with 
temperature and volume 

For a discussion of the internal pressure K, W C McC Lewis, 
Trans Farad Soc , 7 , part I (191 1) Also for a comparison of Bakker's 
expression with those of Milner, cf N C McC Lewis, Zeit f phys, 
Chem y 79 i 196 (1912) 

Dietenci^s Expression for the Latent Heat of Vaporisation 

The following empirical relation for the internal latent heat of 
vaporisation X* has been found by Dieterici {Ann der Physik , 26 j 269, 
1908, ibid y 35, 220, 1911) to hold good, viz — 

A, = CRT log 

where C is a constant, v^ and v^ are the specific volumes of the satur- 
ated vapour and liquid respectively, and R refers to i gram The 
constancy of C is shown by the following results based on S Young’s 
data for iso-pentane — 

Iso-pentane (tc = 187 8° C , T = 460 8), /c ~ 25,010 mm of 
mercury, = 4 266 c c — 


VOL II 


6 
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T abs 

Pressure of 
Saturated 
Vapour 

*'1 

^2 

Aj Obtained from 
Clapeyron 
Equation 

RDg^^ 

”1 

c 

283 0 

293 0 

3030 

3230 

3430 

3630 

3830 

4030 

4230 

4430 

4580 

4608 

3905 
572 6 
815 3 

1533 0 

2653 0 
4296 0 
6596 0 
9707 0 
13804-0 
19094-0 
23992 0 
25010 0 

15885 

1 6141 
16413 

1 7003 

1 7679 

18475 

1 9455 

2 0720 

2 2500 

25550 

3 1830 

4 266 

6075 

4240 

303 0 

167 6 

989 

6185 

3980 

26 10 

17 14 

10 71 

6355 

4 266 

78 64 calories 
75 97 „ 

73 52 

68 95 „ 

64 18 „ 

59 49 .. 

53 78 

47 65 „ 

40 18 „ 

29 53 » 

14 17 » 

0 

4615 

4476 

43 35 

40 66 

37 86 

34 94 

3171 

27 99 

23 56 

17 40 

8 68 

0 

1 704 

1 697 

I 696 

I 696 

1 695 
1703 

I 690 

I 702 

I 705 

I 697 

I 632 


It Will be seen that the constant C is really an excellent constant 
for low temperatures up to the neighbourhood of the ciitical point 
That the above expression, involving the expressions and should 
hold good is very surprising , one would have expected that the 
correction should have been brought in, giving an expression containing 

does not give C a constant, unless we assume that 

F ~ which IS known to be not the case. Not only do we obtain a 

value for C which is independent of the temperature for a single sub- 
stance such as iso-pentane, it is also found that this value for C is 
approximately a general constant holding for all normal — non-as- 
sociated— substances, as the following table shows The value for C 
for each substance is the mean value obtained from a wide temperature 
range similar to the iso-pentane case Dieterici states that the vanation 
in C for each substance is not more than 2 per cent — 


Substance 

C 

Substance 

c 

n -Pentane 

n -Hexane , , 

n -Heptane 
n -Octane 

2 3 dimethyl n -Butane 
di-iso-hutyl or 2 5 dimethyl \ 
n -hexane f 

Hexamethylene 

Benzene 

Fluor-henzene 

Chlor-benzene 

Brom-benzene 
lodo benzene 
Carhon-tetrachlonde 

1707 

I 752 

X 814 
1858 
1725 . 

1 813 

1694 

I 690 

X 711 
X7I4 

X 691 

X 687 

X 667 

Zinc chloride 

Ethyl ether 

Methyl formate 

Ethyl formate 

Methyl acetate . 

Propyl formate 

Ethyl acetate 

Methyl propionate 

Propyl acetate 

Ethyl propionate 

Methyl butyrate 

Methyl iso-butyrate 

Carbon dioxide 

Sulphur dioxide , 

1741 

X724 

X 706 

1747 

1784 

1774 

I 8x2 

I 803 

1 850 
1837 

I 824 

I 8x0 
1717 
1730 





SA TURA TED STEAM 83 

The reader must be careful not to confuse C with Q (Nernst’s 
“ Chemical Constant already referred to. 

The alcohols and acetic acid do not give a constant independent of 
temperature 

If we were dealing with a perfect gas and allowed it to expand from 

volume Vi to volume z/g, the work done would be RT log ^ The ex- 

pression for the internal energy change involved in the vaporisation, 

namely CRT log has a formal resemblance to this, but it must be 

remembered that this latter expression only holds for singular points 
at each temperature, namely, the volumes of the saturated vapour and 
the liquid respectively It does not follow that the energy difference 
will be C times the ideal work done in general for any volume change 
in a liquid system Vi and must only represent the limits above 
named Dieterici makes use of the above considerations to show that 
any equation of state, eg van der Waals’, which assumes that pressure 
IS only due to translatory motion of the particles, and not in any way 
connected with internal motion — perhaps rotational — is necessarily in- 
complete [Cf Dieterici, Annal der Phystk^ 36 , 229, 1911) 

The Thermal ProperUes of Saturated Water Vapour (Steam) 

Let us consider i gram of HgO consisting of (i - w) grams of 
liquid and m grams of steam in contact The water may be con- 
sidered either as carried along with the steam, producing “wet steam,'' 
or as a two-layer system, liquid and vapour, (When i, the system 
has become entirely dry saturated steam ) At a given temperature, let 
the volume of i gram of water be Vq, and the volume of i gram of 
steam, Vi The total volume of the system V is given by — • 

V = (r - m)v^ -h mvi 

Now, suppose a small quantity of heat d(l is added to the system In 
consequence there will be (a) a rise in temperature, (b) further evapora- 
tion, for since the vapour remains saturated, the higher the temperature 
the greater the quantity (mass) of water is required to saturate a given 
volume Suppose a mass dm of water has been turned into steam 
Heat required = 'Ldm Also, if at the same time the temperature has 
risen dT°, we have warmed up m grams of steam and (i - grams of 
water through this temperature, the heat required being — 
msiTl. 4 - (i — m)sidT 

where Si = specific heat of water, = specific heat of saturated steam, 
te the heat required to turn i gram of steam saturated at Tq into 
saturated steam at Tq 4- i ^*2 ^<^y be negative^ and is negative for 
steam at not too high temperatures This remarkable phenomenon of 
a negative specific heat depends essentially on the fact that a given 
volume at 101° C , say, can contain a greater mass of saturated steam 
than it can contain at 100° C One gram of steam occupies a certain 

6 -" 
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volume at 100° C when saturated At 101° C the same mass would 
occupy a smaller volume in order to keep itself saturated Hence if 
we take some steam, saturate it at 100“ C , and adiabatically compress 

volume which it will occupy if 
S compression has^now 

fmmi ^ ‘o Withdraw heat 

irom It That is to say, to raise i gram of steam 1° C , we have to 

’o n Again, take a certain mass of saturated 

steam at 100 C, suppose we desire to lower its temperature to qq° C , 
till keeping it saturated We can accomplish this by adiabatically 
e^andingit up to the volume which it would occupy^ if saturated at 
^^4. ^ doing this, it will be found to be actually at a lower tem- 

perature thm 99 C Heat would therefore have to be added to bring 
It to 99 C Again, this means that is negative ^ 

The Change of the Sfectfic Heat of Saturated Vafour with 
TemperaUire 

Let Si and refer to any saturated liquid and vapour, not necessarily 
water 

As before, add the quantity of heat Then we can write— 
dQ_ = Ldm + {ms^ + (i - m)sj}dT 

^f^e divide <fQ by the temperature at which it was added, we obtam 
-p- or <fS The increase in entropy of the system is given by — 

~ + (^2W + (r - m)s{)^ 

Now, smce (fS is a complete differential, we can apply the mathematical 
operation to which we have already referred in such cases, and which 
takes the form — 


t) / s^m + (r - 3 /L\ 

) ~ DTVTJ 


whence 


or 


'dm\ T 

S2 - Si fL' 

T 

S2^ Si + T ^ Si + 


()T 


L 

T 


^TVT>^ 

^2 Will be negative when 4-^ 

T 

temperatures 

Further, it is known by expenence that L decreases as T mcreases, scy 
^ IS a negative quantity Now consider the case in which the 
critical temperature is reached, L = o, smce there is no difference 
between liquid and vapour. Hence o, and since was a negative 
quantity up to this point, it now becomes - oc Therefore at the' 
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critical point is negative and infinite Before reaching the critical point, 

T has, of course, become larger so that ~ is small, and since is 

never a numerically large quantity (below the critical point), it is reason- 
able to expect in many cases that — 




L 

T’ 


and since is always positive, becomes positive S2 thus may become 
positive some distance below the critical point Since it is negative at 
ordinary temperatures it must pass through a stage at which it is zero 
The possible changes in S2 with temperature can be represented in 
the following scheme — 


At low temperatures 
At higher temperature 
At still higher temperatures 
At the critical temperature 


^2 is negative 
^2 IS zero 
^*2 is positive 

^2 IS negative and infinite 


The variations of ^2 with temperature have been investigated recently 
by Sir J A Ewing [PAil Mag, 39 , 633, 1920), and also by A W 
Porter (ibid, 40 , 21 1, 1920) Ewing shows that in the case of ether, 
chloroform, benzene, and many of the esters of fatly acids, the behaviour 
of S2 is as indicated in the scheme given above Thus, in the case of 
ether, the specific heat of the saturated vapour is negative below 20° C 
becoming zero at that temperature and then remaining positive between 
20® and about 150® C finally becoming negative as the critical point 
{193 8°) is approached 

Porter (loc cit) points out that sulphur dioxide also belongs to this 
type He quotes a table from the data obtained by Mathias (Comptes 
Rendiis, 99 , p 849) of which the following is an abbreviated form — 


Speafic Heat of Saturated SO2 Vapour 


fQ 


fC, 

•^2 

0 

- 0 410 

no 

4 “ 0 062 

40 

— 0 300 

[114 

zero] 

60 

- 0 23s 

120 

“ 0 078 

80 

- 0 165 

130 

- 0 306 

90 

- 009s 

140 

- 0 620 

[97 5 

zero] 

150 

- I 253 

xoo 

+ 0 027 

155 

- 3 850 


On the other hand in the case of steam, alcohol, carbon bisulphide, 
as well as in the case of fluids commonly used in refrigerating machines, 
etc , carbon dioxide and ammonia, the behaviour is diflerent In these 
latter cases the specific heat of the saturated vapour remains negative 
throughout the whole range of temperature up to the critical point, at 
which point Its negative value becomes infinite 
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CHAPTER IV 

Thermodjmamic criteria of chemical equilibrium m general 

Thermodynamic Criteria of Chemical Equilibrium 

In the consideration of Chemical Equilibrium from the Kinetic stand- 
point we saw that equilibrium could be conveniently divided into two 
classes — 

(1) Equilibrium in homogeneous systems, te equilibrium between 
components in one and the same phase 

(2) Equilibrium in heterogeneous systems, te equilibrium between 
components in different phases 

Irom the kinetic standpoint we were able to grasp the important idea 
involved in the term ‘‘Active Mass,^^ and we saw how this idea led, in 
the case of homogeneous systems, to the generalisation known as the 
Law of Mass Actioh , and in the case of heterogeneous systems to the 
generalisation called the Law of Partition or Distribution 

From the standpoint of thermodynamics we can use the same division 
of equilibrium into the two classes, homogeneous and heterogeneous 
As we shall see, we can arrive at the Law of Mass Action (without 
introducing the molecular hypothesis) as the criterion for homogeneous 
equilibrium under certain conditions, and, further, with the help of 
thermod)mamical reasoning in the case of heterogeneous equilibrium, 
we arnve at a much wider principle, in addition to the Distribution Law, 
namely, the so-called Phase Rule We shall study these in turn later 
on For the present, however, it is necessary to consider the general 
problem of equilibrium 

First of all a few typical instances of physical and chemical equili- ' 

bnum may be mentioned The simplest type of equilibrium is that 
represented by a liquid in contact with saturated vapour in an enclosed 
vessel The system will remain in an unchanged state for infinite time, 
the ‘‘reaction ” m this case, which has reached an equilibrium, is the 
tatlsfer of molecules from the liquid to the vapour and vice versa 
This happens to be an instance of heterogeneous equilibrium As an 
illustration of homogeneous eqmlibnum we can take the case of gaseous 
hydnodic acid in a state of partial dissociation into hydrogen (Hj) and 
iodine {r2)> or gaseous water in equilibrium w th hydrogen and oxygen , 
or w^e can take the case of the equilibrium reached when acetic acid and 
ethyl alcohol are mixed together producing some ethyl acetate and water, 
a 1 four substances being present together at certain concentration values, 
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in the equilibrium state , or the equilibrium which is reached when 
water is added to sulphuric acid, giving rise to some addition compound, 
thus — 

(H2S04)(H20)^2^H20 + H2SO4 

or, finally, we can take the case of an electrolyte dissociating in an 
ionising solvent, equilibrium being established (practically instan- 
taneously) between the unionised molecules of the solute and the ions 
When we come to consider any system in which a reaction may occur 
such a system will always tend to reach an equilibrium state Some 
systems never do reach a true equilibrium state They are under all 
conditions meta-stable This, however, is due to the slowness of the 
rate at which they are progressing towards the equilibrium Such 
systems give rise to an apparent equilibrium state or false equilibrium. 
These, however, need not concern us further here, for thermodynamics 
has nothing quantitative to say to such cases We are here only con- 
sidering reactions of any kind whatsoever which do within a measurable 
time reach the permanent state of equilibrium The time criterion of 
equilibrium is, of course, that the system remains unchanged for infinite 
time This, although true, cannot help us from the theoretical stand- 
point, for, of course, we cannot observe any system for infinite time 
It has, however, a very practical use as an approximation We are at 
present trying to find out thermodynamic criteria which must be satis- 
fied when a system has come into the true equilibrium state Let us 
pause to consider the conditioning factors, or, as they are called, the para- 
meters or “ variables,” by altering any of which a system may in general 
be altered, t e the factors which determine whether a reaction will pro- 
ceed or not These factors may be large in number — temperature, 
pressure, concentration, electric state, capillary state, magnetic state, etc 
Take a system depending on the first three of these factors, as is fre- 
quently the case, namely, the temperature, pressure, and concentration 
of the reacting substances Any equilibrium may be regarded as depend- 
ing on these factors These three factors are, however, not all independ- 
ent of one another Suppose we take the simplest case of a gas 
enclosed m a vessel We take a certain mass of gas and the vessel has 
a certain volume That is, we chose the system at a certain arbitrary 
concentration This system can exist as such, te as a gas at various 
temperatures and various pressures Experience shows, however, that 
if we arbitrarily select a definite temperature (having previously selected 
a certain mass m a certain volume, / a certain concentration) the 
pressure will adjust itself to a certain value characteristic of the equili- 
brium state In the case of liquid water in contact with water vapour 
111 an enclosed vessel, if we arbitrarily choose a certain temperatuie then 
the other parameters will be fixed when the system is in equilibrium, / e 
the pressure is the pressure of saturated vapour at this temperature, and 
the concentration or density terms of the liquid and vapour phases 
have certain values Such considerations as these, namely, the number 
of factors which define equilibrium and their interdependence, will be 
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taken up in dealing with the Phase Rule For the present we shall 
proceed along somewhat diiferent lines 

An equilibrium state is defined as, that state reached when some 
thermodynamic quantity (called a “ thermodynamic potential ’’) has 
reached its limiting value, t e either a maximum or minimum according 
to the particular potential employed We have to find out what 
thermodynamical potential we must regard as justifiable to apply to the 
various cases which occur Free energy is one of the thermodynamical 
potentials, and as we are familiar with it (Chap 1 , Vol II ), we can 
commence by saying that the free energy of any system tends to decrease 
Notice particularly, however, that we do not say equilibrium in general 
IS reached when the free energy of the system is a minimum This 
latter statement as a general law would be quite untrue, as will be 
shown later 

We must, in fact, first postulate two things (i) that the temperature 
is supposed to be maintained constant, and (2) that the reaction under 
consideration can proceed without a volume change Now scarcely any 
reaction takes place without a volume change, but in condensed systems, 
as van ’t Hoif called them, that is in systems either liquid or solid (homo- 
geneous or heterogeneous) we can imagine the reaction to occur Iracti- 
cally without a volume change 

The criterion of equilibrium being reached in such a reaction^ 1 e in 
one in which the temperature and volume are maintained constant ^ is simply 
that at the equilibrium point the Free Energy is a minimum^ and therefore 
if we consider the system when equilibrium is reached and imagine the re^ 
action to go to a small extent, namely, the transformation of Bn molecules 
from one side of the equilibrium to the other, then the work done or free 
energy change is zero This is written algebraically (S/j^v = o ^ 

We can likewise denote this by (SA)tv — o, where A denotes external 
work Practically all the external isothermal revers’ble mechanical 
work processes with which we have to deal consist simply of the three- 
stage work process already discussed at some length Although this 
process involves a vaporisation step, which is one entailing a large 
volume change, the final step of the process entails a condensation, and 
it is therefore possible to conceive of this three-stage process as being 
carried out practically without a volume change Let us think of the 
system ice and water not in equilibrium at some temperature below 0° C 
but under the pressure of their own vapours There is a tendency of 
the water to solidify, this being a chemical reaction as much as any other 
reaction is We can imagine i mole of the substance (water) trans- 


of maxima and minima in the differential 
no Tr f ® equation represents mathematically a maximum 

point on a continuous curve as well as a minimum More strictly we should write 

for the eqmlibnum criterion (5/)xv ^ o , but the physical or chemical significance 
of the equality relation, mz (5/)xv = o, will cause no confusion 

lUis is known as the chemical application of the Principle of Virtual Work 
“ Mecban.cs, for example! see A, W Pprter’* 
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ferred by the three-stage distillation process from the liquid water to 
the ice (at constant temperature), the work A amounting to vdf^ which 

* Jii 

will be a positive work output (and therefore a real decrease m fiee 
energy) if the vapour pressure over the water (I) is greater than that 
over the ice (II) Experience has shown that below 0° the vapour 
pressure over the liquid (super- cooled and meta-stable water) is greater 
than that over ice, so there is a real decrease in /in the system when 
the liquid water becomes solid Now the actual change in volume in 
this reaction is exceedingly small, it being simply the difference of the 
molecular volumes of ice and water respectively, for the total change 
in volume in any reaction is evidently the final volume reached minus 
the initial volume, no matter what volume changes may have occurred 
en route We can thus imagine that the transformation of liquid 
water to ice can take place at constant temperature and volume Ice 
and water are in equilibrium by definition when (S/)tv or (SA)xv = o 
Suppose they are in equilibrium (experiment shows that one such equi- 
librium state will be reached when T is 273 4- o 007'", and the pressure 
is the vapour pressure of the substances) If we imagine a small 
quantity, In moles, of water tiansferred, say, from ice to liquid water 
under these conditions, then according to definition we must set Work = 

zero Now the work is evidently given by hn \ vdp^ and in order that 

Jn 

this may be zero it is evident that the pressure of the ice and of the 
water (I and II) must be identical so as to make dp ^ o This is an 
experimental fact, mz ice and water are in equilibrium when the vapour 
pressures are identical, and this occurs at -p o 007° C when water is 
under its own vapour pressure Equilibrium is also reached at 0° C , 
when these pressures are modified by the presence of the atmosphere 
though again the vapour pressures of both (ice and water) are identical 
[Note Ihe effect of an inert gas on the vapour pressure has already 
been dealt with at the end of Chap I ] 

Or take the reaction involved in the transformation of rhombic into 
monoclinic sulphur, or grey tin into white tin By following exactly 
the same process of reasoning and carrying out an imaginary work pro- 
cess at constant temperature and volume, we find that the allotropic 
forms are m equilibrium when the vapour pressures are identical 
Again the reaction between liquid water and sulphuric acid may also be 
reached at constant temperature, and practically constant volume , for 
any change in volume in the whole, is the difference of molecular 
volume of the water in the pure state, and its volume in sulphuric acid 
solution — a quantity which is not large The principle that equilibrium 
is reached when (S/)tv = o, or (8A)xv = o will apply, for here again the 
three-stage distillation process must be zeio at the equilibrium point, 
which requires that the pressures over the water and strong sulphuric 
acid solution shall be equal But this we know by experience can never 
be reached as long as any liquid water remains , for the vapour pressuie 
over pure watei is always greater than the vapour pressure over solutions 
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containing water (at the same temperature), and hence the criterion 
leads us to expect that equilibnum can only be reached when all the 
liquid water disappears and the vapour pressure falls to that over the 
sulphunc acid water solution This is what actually happens 

Further, the criterion that equilibrium is reached when (SA)xv o 
applies to reactions in solutions Take the simplest case of diffusion 
of a solute from a region of high concentration to one of low Equi- 
libnum is reached when the work entailed by a small virtual change in 
the system can be equated to zero Suppose we have a solute at con- 
centrations Cy and and osmotic pressures Pj and P 2 in the same vessel 
y means of osmotic membranes (the whole vessel being supposed to 
be surrounded by solvent of infinite extent) we can imagine moles 

transferred from Pj to Pj the work being tn^\d2, which will be zero 

when Pi = P 2 or , that is equilibnum is* reached when the con- 

centration IS the same throughout the vessel , this we know is an ex- 
penmental fact ^ 


Or, again, take the case of pure benzene on the one hand and a 
saturated solution of benzene in water on the other, both systems being 
at the same temperature A saturated solution of benzene is necessanly 
m equilibrium with pure liqmd benzene itself because of the fact of 
saturation The conclusion to be drawn from the thermodynarmc 
criterion considered is, that under these conditions, (8A)jv = o, and 
therefore, if we imagine one mole of benzene transferred from the pure 
benzene to the saturated solution, the work must be zero That is, 
there must be the same vapour pressure over the pure benzene as there 
IS over Its saturated solution in water, the vapour m each case being 
vapour In the case of a hydrated salt on the one hand and 
the saturated solution of the salt on the other, the conditions are more 
comp ex e shall cc^ider this point in Chap X m connection with 
the application of the Phase Rule to two component systems 

Ihe cntenon we have been considering breaks down, however, 
when the ruction cannot be conceived of as occurnng with even 
^pxoximately co^tant volume Thus, take the reaction such as 

from a condensed to a gaseous 
^stem not followed by condensation This can be earned out at 
^ ant temperature, but not at constant volume, though it can be 
one at constant pressure We know from experience that equilibrium 

of ^ mass of a solvent to a solution in a 

fc&onTS of Vour pressur or 

cess Thus if wp tliint T a result of the thermodynamic pro- 

water it k ieeSLiSto of a solution containing HjSO, in 

W ^ f of water, Sn moles as 

transfer of one mole— a finite moles, we might conceive of the 

stduhon, no sensible change bemg^ro^eht°abou^’^m^th*^^'’’ quantity of the 

tion as a resnlf nf 4 . ® about in the concentration of the solu- 

final states unchanged whilst '^tihe ^ itself This idea of keeping the initial and 
thermodTOo pSes '’’=‘00 is essential to all such 
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IS reached when the vapour has reached saturation pressure, but when 
we consider such a system in the equilibrium state, and suppose a 
quantity, Sn moles, say, vaporised, the work is not zero , the work is 
the pressure into the change in volume We must infer, therefore, 
since work is done by the system m passing from liquid to vapour, that 
the free energy, say, of i gram or i gram-mole of liquid is greater than 
the free energy of i gram or i gram-mole of saturated vapour at one 
and the same temperature, even though the liquid and vapour are in 
equilibrium Obviously, if the free energy of the one phase is greater 
than the other, the free energy of the system is not a minimum One 
must be careful, therefore, not to say that in general at a given tempera- 
ture the equilibrium is reached when the free energy of the system is a 
minimum, for if this were so, then in the liquid-vapour system just 
considered one would expect the whole system to become vapour, since 
the vapour has less free energy , this is, however, contrary to experience 
We must bring in the restriction that the process can be carried out at 
constant volume (or approximately so) as well as at constant tempera- 
ture In such a case the equilibrium is reached when the free energy 
IS a minimum It may be pointed out, however, that m the liquid- 
vapour equilibrium, although the free energies of a given mass of liquid 
and vapour respectively differ, there is a quantity called the “ thermo- 
dynamical potential at constant temperature and pressure,'’ which is 
denoted by the symbol and this has the same numeiical value for 
I gram of saturated vapour as it has for the same mass of liquid at -one 
and the same temperature In reactions which occur with change of 
volume, but at constant temperature and pressure, equilibrium is 
reached when the of the system is a minimum To appreciate the 
significance of the thermodynamical quantity ^ we must, however, 
present the First and Second Laws in a more analytical way than we 
have done in the chapter in the “Elementarv Treatment” For those 
who have followed the chapter on the “ more advanced treatment " 
(Chap II ) a short discussion of the ^ function is added to the present 
section Before leaving the consideration of reactions which can be 
carried out at constant volume (approximately) and at constant tem- 
perature, it is essential to speak of those which are capable of losing 
free energy in the form of electrical energy, the reacting substances 
being set up in the form of a cell The importance of this is due to 
the fact that where a cell is capable of being set up at all, the measure- 
ment of the electromotive force, which can be always earned out with 
great accuracy, gives us quantitative information of exactly how far the 
system is from the equilibrium point We shall have occasion later on 
to make great use of this in the measurement of affinity 

Consider the reaction which takes place when a piece of metallic 
zinc is placed in a solution of copper sulphate Copper is precipitated 
in the metallic form, and zinc sulphate solution is produced The re- 
action IS written in the form — 

Zn 4 - CuSO^aq = Cu + ZnS04aq 
In terms of 10ns we can represent it by — 

Zn + Cu-^-^ = Zn+'‘’ + Cu. 
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If this reaction simply takes place m a test-tube, heat is evolved, but 
no work is done If the tube be immersed in a thermostat, the reaction 
can be made to go at practically constant temperature and volume To 
get work from this reaction, and especially to get the maximum work 
from It, It IS necessary to make it proceed reversibly by means of a 
suitable thermodynamic arrangement This arrangement is very nearly 
realised by the setting up of the system m the form of an elect! oly tic 
cell, i e the Daniell cell, having an electrode of copper immersed in 
copper sulphate solution, and an electrode of zinc in a zinc sulphate 
solution Under these conditions, electrical energy (electromotive 
force X quantity of current) can be obtained from the cell, i e from 
the reaction The cell must be made to work reversibly if there is to 
be production of maximum work Suppose the cell possesses an e m f 
of E volts (measured electrostatically, or, what is the same thing, with 
an extremely large resistance in the outer circuit), and is made to drive 
something which possesses a back e m f of E - volts, then the cell 
IS just able to do the work required of it and nothing more Note 
that we must always reckon energy per certain quantity of substance 
(say, copper) transformed in the sense of the reaction studied It is 
usual, especially in electrical measurements, to consider the gram 
equivalent as the unit of mass transferred Now, the amount of 
electncity associated with i gram equivalent is i faraday, so that if the 
e m f of the cell is E, and i gram equivalent is transformed, the 
electrical energy output is — 

E X I faraday = E x i = E 

That IS, the numerical value in volts of the e m f itself gives us the 
electrical energy (in volt-faradays) produced per gram equivalent, and 
from a measurement of the e m f of the cell in the manner indicated, 
we can then say that the maximum work, electrical in form, which the 
reaction is capable of produang at the given temperature and practically 
without volume change, is E energy units per equivalent of one of the 
substances transformed Notice that measuring the e m f in this way 
gives us the same result as if we had set up some machine having an 
opposing e m f of E - ^ volts, and allowed the cell to drive this 
infimtely slowly This is quite analogous to the idea of a piston moving 
and doing mechanical work with the pressure on the two sides only 
differing by dl In fact, electromotive force can be regarded as 
“electrical pressure^’ (though one cannot give it the dimensions of 
M \ 

pressure, namely, ) Eurther, the reversibility of the Daniell cell 

is completed by the reaction being of such a kind that an external e m f 
of magnitude E + ^ apphed in the opposite sense to that of the cell 
is capable of causing the chemical reaction also to reverse itself without 
the production of substances (such as O2 and H2) not previously present 
m the system In brief, the electrodes must be reversible in the electro- 
chemical sense (see later Nernst’s Osmotic Theory of Electromotive Force)^ 
that IS, the cell must not be polarisable , and the direct and reverse 
chemical processes should be capable of an infinite number of alternate 
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repetitions without any permanent change in the composition of the 
cell Such a cell, working at constant temperature and producing 
electrical energy infinitely slowly, is the nearest practical approach to 
the ideal conception of a thermodynamic reversible isothermal process 
If, instead of working the cell so as to give maximum work, we go 
to the other extreme and short circuit the electrodes, thereby allowing 
the reaction to go quickly, the cell runs down, the e m f finally being 
zero, t e the cell is no longer capable of doing any work The equi- 
libnum point of the reaction — 

Zn + Cu++ 2 :Cu + Zn++ 

IS then reached If now we analyse the solutions m the cell, we find 
that practically all the copper is deposited, and the liquid is a solution 
of zinc sulphate, containing a certain amount of Zn If we haa 
simply allowed the reaction to occur in a test-tube (starting witn the 
same amount of copper sulphate solution and adding metallic zinc), we 
would find on analysis that the amount of zinc in solution is the same 
in both cases The fact that the e m f becomes /lero is expenmental 
evidence that the equilibrium is reached when (SA)xv = o , 

The consideration of the Daniell cell will have made clear the dis- 
tinction to be drawn, as far as work production is concerned, between 
the spontaneous or irreversible mode of carrying out a reaction and the 
reversible mode (in the thermodynamical sense) of carrying o'lt the 
same reaction, even though the end point reached is identical in ot 
cases In both cases there is the same decrease m the free energy ot 
the system, but in the test-tube this has not been converted into work 
being simply dissipated as heat 

Applications of the Foregoing Principles to the 
Transformation oi Allotropic Solios. 

The systems we are about to consider are those consisting of alio- 
tropic solids, t e. different crystalline modifications of the same chemical 
substance which possess the property of transformation the one into the 
other, the direction of the transformation depending on the temperature 
Such systems are characterised by the existence of a transition point or 
transition temperature at which the different crystalline forms of the one 
substance are in equilibrium with one another (The reason why such 
substances exhibit a transition temperature will be given when we come 
to apply the Phase Rule For the present we are simply dealing with 
the phenomenon as an experimental fact ) At temperatures below the 
transition point one crystalline form is unsUble, le tends to pass 
entirely into the other Above the transition point the second phase is 
now unstable and will pass entirely into the first All these changes 
occurnng at a given temperature involve practically no change in 
volume, and we can therefore apply the criterion that at equilibrium 

« 

1 The infinitely small quantity of copper remaining in solution m this particular 
reaction is far below the limits of the most delicate analysis 
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(aA)Tv = o, ox = o, where the integral stands for the familiar 

three-stage distillation work process We shall apply this criterion to 
prove the following statements, each of which has been demonstrated 
by experiment — 


(i) At the transition temperature the vapour pressures of each 
modification is the same, and the solubility in a given solvent is the 
same 


(2) At any given temperature the stable modification has a smaller 
vapour pressure than the unstable, the temperature here considered is 
necessarily not the transition pomt 

(3) At any given temperature other than the transition temperature 
the stable modification has a smaller solubility than the unstable in a 
given solvent 

(4) The stable modification has a higher melting pomt than the 
unstable form 

is) The ratio of the solubilities of the two forms (at a given tem- 
perature) IS independent of the nature of the solvent 


I At the Transition Point the Vapour Pressures of both Modifications 
are Identical^ as are also their Solubilities in a Given Solvent 


At the transition point by definition the two modifications are in 
equilibrium If now a mass be transferred isothermally and re- 
versibly (by means of the three-stage distillation process) from modi- 
fication I to modification II, the work must be zero, i e (SAtv — 

which in this case becomes Sn\ vdp » o) Since and v are positive 

terms, It follows that m order to make the work expression zero, dp 
must be zero ; in other words, that the vapour pressures over I and II 
must be identical, which was to be shown Further, we could imagine 
t e same virtual work process earned out not by distillation but by 
means of osmotic work involving three stages The two modifications 
are supposed to be in contact with a saturated solution of each in two 
vessds The same solvent is of course employed and the whole system 
may be imagined as immersed m a bath of the solvent By means of a 
piston permeable to solvent but impermeable to solute, the quantity In 
moles of modification I is dissolved by drawing out the piston, the 
so contaming this quantity at osmotic pressure Pi being now ex- 
^ded, i e diluted to osmoUc pressure Pn, and then compressed into 
the saturated solution of modification II at osmotic pressure P„ The 

total work is In f vdP^ and this must be zero, which means that Pi 


must be Identical with P„ If the substance in solution obeys the gas 
lavre, the identity of osmotic pressure means identity of concentration, 
Md since solid was present in each case this means identity of solu- 
bility as was to be shown 
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2 At any other Temperature the Stable Modification has a Lower Vapour 
Pressure than the Unstable at the same Temperature 

We commence by taking it as true that the meta-stable always tends 
to pass into the stable This tendency only exists in virtue of the 
system being ready to do positive work Let us imagine the transfer of 
Sn moles from the unstable modification to the stable modification , pa 
refers to the vapour pressure of the unstable modification, and pi to 

that of the stable The three-stage work done is, ^vdp If the 

J 

vapours obey the gas laws, we can write — 

SA = 8«RT log 4 “ 
r\ 

Now since the transfer has taken place from the unstable to the 
stable modification, this must mean that positive work 8A is done by 

the system Since 8A is positive, log^ must be positive That is pa 

must be greater than/i But pa is the vapour pressure of the unstable 
phase Hence the vapour pressure of the unstable modification is 
greater than that of the stable (It will be observed that this would 
also hold even if the vapours do not obey the gas laws, for m order that 

^^vdp may be positive the upper limit pa must be greater than the 
lower limit pi ) 


3 The Unstable Modification has the Greater Solubility 

One pursues exactly the same tram of reasoning as in Case 2, using, 
however, osmotic pressure instead of vapour pressure. Again, the term 

1 Wp must be positive m ^ 

transferring %n moles from the ^ f § 
saturated solution of the un- 
stable modification (osmotic 
pressure Pq) to the saturated ^ 
solution of the stable modifi- 1 1 1 
cation (osmotic pressure Pi) O | 

That is, Po must be greater u 6 fe. 
than Pi, or the saturation con- Tran^tnsn T 

centration {t e solubility which 

IS taken as proportional to os- ^5 

motic pressure approximately) 

of the unstable modification is greater than the solubility of the 
stable modification at the given temperature We can represent the 
behaviour of the vapour or saturated osmotic pressure of the two 
modifications a and ^ graphically thus (Fig 15) At temperatures below 
the transition point the a modification has a lower vapour pressure or 
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*^#*^u*^**” pressure, that is, the a is the stable modification on this side 
ot the transition point The vapour pressure and osmotic pressure 
curves are naturally continuous curves, and by producing them beyond 
ne transition point we see that at temperatures higher than the transi- 
ion temperature the ^ modification has now the lower vapour and 
IS, in this range the /3 is the stable modification 
(1 he vapour pressure and temperature curves will in general not be 
straight lines as shown, but this is immaterial ) 


4 The Stable LTodificatton has the HigheT J^elting Point 

Let us denote the stable modification by a (Fig i6), the unstable 
modification by the fused liquid produced on melting by y The 
denotes the vapour pressure over the a modification , the line 
A the vapour pressure over the modification , and the line y, y, 

^ the vapour pressure over the 
liQuid The transition point of 
^ ^^to ^ lies far to the left of the 
diagram , the lines a, a and A ^ 
/"‘fy yf approach one another at lower 

^ y y [ temperatures If we take any 

S / I temperature T^^ it will be seen 

^ / )( [ that the vapour pressure over the 

^ X jT I I unstable solid is greater than 

^ y/jX I ] that over the stable solid (a). 

^ A y^X'^ 1 * position N denotes the melt- 

point (melting temperature) 
j I of the stable modification , M 

I j the melting point of the unstable 

\ L_ Hence the stable phase must 

Temperaiure^' Jow the higher melting pomt 

^ This conclusion rests essentially 

01^ the statement which we proved 

, V , Case 2 , namely, that the vapour 

pressure of the stable modification at any given temperature is lower than 
^at of the unstable form The diagram also illustrates that w^stable 
oxms,,wMhersoMorltqutd, have a higher vapour pressure than the stable 
foimatthe same temperature Thus let us take the dotted line Mv This 

super-cooled liquid, i e the liquid form 
entirely into the solid modification yS at the tempera- 
toe M, but It h^ not done so Hence My represents an unstable liquid 
phase, te unstable with respect to the ^ modification and hence for a 

pressure of the unstable super-cooled 
^ modification into which the 
K S,n ri®"" transformed at M It happens that the solid 

“ modification at 

the _^e temperature Tj so that at Tj, if there is any super-cooled 
hquid m the system it must be very unstable indeed with respect to the 


Te7riperaZu;re ^ 

Fig i6 
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a solid modification On the other hand, at temperatures above M the 
liquid form is stable compared to the solid form, as is shown by the 
curve (the vapour pressure curve of the superheated solid p above 
its melting point) lying above the MN curve, which gives the vapour 
pressure of the liquid The position of the curve NM shows, however, 
that the liquid m this temperature region is unstable with respect to the 
solid modification a, as can be seen by considering a tempeiature such 
as T2, when the MN curve of the liquid lies above the curve for the 
solid a modification At the melting point N the a solid and the liquid 
are in equilibrium At temperatures higher than this the liquid is the 
stable form, the superheated solid a being unstable as is shown by the 
relative positions of the curves Na (dotted) and Ny Note that in 
practice solids superheated above their melting points have never been 
realised 

As a matter of fact, in the system considered we are dealing with a 
special state of things reached when transformation is brought about 
rapidly What happens in the case of enantiotropic substances, t e 
those which show a transition temperature below the melting point, is 
that on slowly heating up the change takes place, the system then con- 
sistmg of a single stable modification (a) which possesses, of course, a 
single melting-point, 2 ^ N By carrying out the heating process very 
rapidly, however, we can realise such a point as M, / we can cause 
the unstable variety (/ 3 ) to melt before it has had time to change over 
into the stable These equilibrium relationships between phases will 
not be discussed further until we take up the Phase Law It is sufficient 
for the present to have proved the statement that the stable modifica- 
tion has the higher melting point 

A further case of equilibrium between different crystalline forms of 
considerable interest may be mentioned, namely, that of grey tin and 
white tin, which are in equilibrium at a certain temperature and pressure 
(the transition point) The reaction goes practically without a volume 
change at a given temperature and equilibrium is reached when 

(8A)xv = o, which can be put in the form f vdp = o We must there- 

Jii 

fore infer that the two forms are in equilibrium when their vapour pres- 
sures become identical Further, this system is of interest because it 
can likewise be set up so as to yield electncal energy Thus the cell — 
White tin I Tin salt solution | Grey tin 
v\ ill furnish an e m f At the transition point this e m f is zero, t e 
white and grey tin are in equilibrium By means of a cycle we can 
show that this latter relation, mz E = o, must hold at the point at 
which the vapour pressures over the white and grey tin are identical, / 
the transition point Consider some temperature other than the transi- 
tion point, and further consider i gram equivalent of white tin to be 
vaporised, the pressure changed from to p\ where p' is the vapour 
pressure over grey tin at the same temperature, and then the vapour to 
be condensed into the grey tin The work done up to this point is 
VOL II 7 
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f vdp Assuming the white tin to be the unstable form, this work 

term is positive work done hy the system Now let the gram equivalent 
of grey tin be transferred electrically to the wnite tin by dissolving off 
the grey tin electrode and depositing on the white, i e current passes 
through the cell from grey tin to white If the e m f is E the work is 
E X F, where F is the faraday = 96540 coulombs, the amount of 
electricity earned by one gram equivalent of an ion This work must 
have been done by some external agency upon the system itself, for the 
natural direction in which the system (the cell) tends to do electrical 
work IS in the opposite sense, / e the cell itself tends to work in such a 
way as to dissolve the unstable white form and precipitate grey tin, so 
that eventually there will be nothing but grey tin present Since 
E X F represents work done by the surroundings, then - E x F rep- 
resents the work done by the system The cycle is now complete, 
and since it is isothermal and reversible, the total work must be zero by 
the Second Law That is — 


’^0 

I + (- E X F) =» o, 


or 


E X F - 



In general we can say that the electrical energy is just equal to the 
three-stage distillation work Now at the transition point — 



We reach the same conclusion of course by following out the very 
similar type of reasoning involved in the principle of virtual work 
Suppose the grey tin and white tin are in equilibnum Then in the 
transfer of moles from grey to white the work at constant tempera- 
ture and volume is zero Carrying the process out by the distillation 

method we see that at equilibrium hn j vdp = o, or the vapour pres- 

J white 

sures over the modifications are identical Also at the equilibrium 
point suppose a quantity hn moles transferred electrically through the 
solution from the grey to the white tin electrode Suppose the e m f 
IS denoted by E and the electrochemical equivalent ^ of tin by asm then 

the electneal work in volt-faradays is ^ x EF This must be zero 

^SU 

Since F and Sn are positive terms and Ogn represents a positive quantity, 
It follows that E == o, which was to be shown 


^ The electrochemical equivalent of a substance is here defined as the mass in 
moles of the substance with which one faraday of electricity is associated when the 

substance is m the ionic form The expression — denotes therefore the quantity 

r 1 i ®sn ^ 

of electricity associated with Bn moles 
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5 The Ratio of the Solubilities of the Allotropic Forms at a given 
Temperature is Independent of the Nature pf the Solvent 

At the transition temperature, the solubility of the two forms in any 
given solvent is the same , that is, the ratio is unity This conclusion 
is obviously involved in the considerations of Case I We are now 
thinking, ho'v^ever, of a different set of conditions, a temperature 
which IS not the transition temperature Each allotiopic form has its 
own solubility and the ratio is not unity We have to show, on theo- 
retical grounds, that although not unity, the ratio possesses a constant 
value independent of the nature of the solvent 

Consider forms I and II of a given substance Let us suppose 
that the respective solubilities in a solvent A are Cia and Ciu We shall 
further suppose that even the saturated solutions are sufficiently dilute 
to justify the applicability of the gas law The maximum work obtain- 
able on transferring moles from the solid in contact with the first 
solution to the solid in contact with the second is — 

In vd 2 = S«RT log = 8«RT log ^ 

J PlIA E iiA 

The maximum work obtainable on transferring In moles from the first 
solution to the second when the solvent is B, is — 

BnRT log ^ 

Now, the same solids are in equilibrium m both cases, not only with 
each other, but with respective saturated solutions, and we have really 
carried out the same process in the case of each solvent, viz the trans- 
fer of Sn moles of the material from solid I to solid II Further, the 
work done in each case is maximum work, and is therefore the same 
for both, for we start from a given point and end on another point, the 
same in both cases, and therefore the decrease in free energy must be 
the same Hence, Cja/Cua = Cib/Cub = a constant, which is the de- 
sired result The same conclusion may be reached more easily by 
observing that the expression for the maximum work does not involve 
the solvent and is therefore independent of the nature of the solvent 
The above conclusion has been tested recently by Chattaway and 
Lambert {Trans Chem Soc , 107 ; I 773 (1915)) case of the two 

allotropic forms of phthalylphenylhydrazide, one of which is a deep 
yellow, the other a pale yellow solid The two forms have widely 


Solvent 

Solubility of Pale 
Yellow Modification 

Solubility of Deep 
Yellow Modification 

Ratio 

Benzene 

0 910 

0 882 

I 032 

Alcohol 

0913 

0883 

1034 

Chloroform 

4484 

4324 

I 037 

Ethyl acetate 

4654 

4489 

I 037 

Acetone 

10 060 

9693 

I 038 
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differing solubilities in different solvents and hence the case is particu- 
larly suitable for our present purpose The above table gives the 
solubilities of the two forms of the compound in five different solvents 
at 25° C (the transition temperature itself being 55 25° C ) 

It will be observed that the conclusion reached on the thermo- 
dynamic basis IS borne out by experiment m a satisfactory manner 


Use of Entropy as a Criterion of Equilibrium 

The criterion of equilibrium which we have hitherto employed is 
that equilibrium is reached when the free energy is a minimum, or, in 
other words, if we imagine the change to occur to a further slight extent, 
and the change must be one which can occur at a constant temperature and 

at constant volume, then equilibrium exists if = o Although this 
IS a suitable criterion to apply in certain cases it is unsuitable in others 

We can make the perfectly general statement that in any naturally 
occumng or spontaneous (and therefore irreversible) process which 
takes place in an isolated system the entropy of the system increases 
The condition regarding the isolation of the system is fundamental 
When we speak of an isolated system we mean one enclosed in a heat- 
being incapable of passing into or out of the enclosure 
The direction of spontaneous change of any kind is necessarily towards 
the equilibrium point Hence in the case of an isolated system we can 
say that the approach to the eqmlibnum state in a spontaneous process 
is accompanied by an increase m the entropy of the system Hence 
when equilibrium ts reached the entropy is as great as possible, i e a 
maximum, under the given conditions This is the criterion of equi- 
librium m terms of entropy 

We have been speaking of a spontaneous and therefore of an irre- 
versible prc^ess in the thermodynamic sense ^ If, on the other hand, 
the process be earned out reversibly the entropy does not change at all 
m approachmg the equilibrium position provided the system be isolated 
Under no conditions, however, does the entropy diminish, provided the 
^stem be kept isolated. It is therefore immaterial whether we are 
deling TOth, say, a chemical process accompanied by an absorption 
of heat (as ortoanly measured m the calorimeter) or with a process 
accompamed by an evolution of heat If we thmk of the system in 
each c^ as bemg isolated we can say that the change towards equili- 
brium IS accompanied by an increase in the entropy of the system, if the 
process be aUowed to go spontaneously , if the process be caused to go 
TCTersibly , the entropy of the system does not alter For all spontaneous 
c^gM in isolated s:^tems we have therefore as a entenon of equilibnum 
that^e entropy of the system has reached a maximum 

m statements are simply the equivalent of what is expressed 

in the foUowmg equations — ^ 
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In the case of a reversible process the change in entropy is given 
by— 

= ^Q/T 

where is the heat taken in from the surroundings at the temperature 
T In the case of an isolated system no heat can be taken in or given 
out Hence in such a case = o, and therefore o,te the 
entropy of the isolated system does not change during a thermodynami- 
cally reversible process In the case of an irreversible process, 

d^>dQjT 

If the system be isolated in this case, is again zero and therefore 
dS>Q,ze the entropy increases as a result of the physical or chemical 
change occurring spontaneously in the isolated system To cover both 

reversible and irreversible cases we can wnte = o 

The cnterion of equilibrium, namely, that the entropy has reached a 
maximum value in the case of any process occurring spontaneously in 
an isolated system, will be employed later in Vol III when we are 
considering statistical equilibrium in systems composed of an enormous 
number of small units, t e molecules 

The Function ^ 

We saw in Chap II that for a reversible change in any system, we 
could wnte in general the increase in the total energy d\J in the follow- 
ing way — 

dU = T^S — pdv — dw^ 

where T^S represents the increase in the heat content (the heat 
absorbed), pdv represents the mechanical external work done, and dw 
any other form of external work which may also have been done, e g 
output of electrical energy, capillary energy, radiant energy, gravita- 
tional work, etc For practical purposes the term dw may be used to 
denote output of electrical energy Since the process we are consider- 
ing is reversible, all the work terms are maximum work terms Now, 
from the above equation, since T^S must be equal to ^(TS) - S^, it 
follows that — 

d\J — /:f(TS) == — — pdv — dw 

or d(U - TS) = - S^T - pdv - dw 

The quantity U represents the total energy of the system, the 
quantity TS is called by Helmholtz the bound or unavailable energy, 
so that the difference of the two, namely (U ~ TS), may be called the 
free energy (Helmholtz) and denoted by / This is the strict definition 
of/ We can thus write the above equation — 

^ — ^dt — pdv — dw 

Now if the process (reaction) which we are considering is one that goes, 
t e can be made to go, reversibly at constant temperature and volume, 
the terms and pdv become zero, and the change of /is represented 
by— 


{df)^y = - dw 
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(Note the negative sign denotes that positive work output by the system 
means decrease in free energy ) If we take as our standard of equili- 
bnum, that equilibrium is reached when = o, then(^)Tv = o This 
IS the same result we arrived at before, namely, in a reaction such as 
that in the Daniell cell which goes reversibly at constant temperature and 
practically constant volume, and reaches an equilibrium when the e m f 
IS zero Consider such a system to have reached the equilibrium point, 
then we can say that if we imagine a change in either direction such 
change would be accompanied by an increase in free energy at constant 
temperature and volume, and would not therefore occur The free 
energy of the system as a whole is a minimum, and the free energy of 
the reactants is equal to the free energy of the resultants at the equili- 
brium point 

Now returning to the equation — 

if(U - TS) = - S^T - pdv - dWy 
we can further transform this by writing — 

pdv = d{pv) - vdp 

into the relation — 

d{\J — TS -h pv) *=s — S^T + vdp - dw 

This expression (U - TS + pv) is denoted by If we consider a re- 
action made to go reversibly at constant temperature and pressure (such 
as vaporisation of water), we can see that any possible change in ^ can 
be expressed — 

{d^)rp = - dw 

We take as our standard of equilibrium in a reaction which goes with 
a volume change, but can be made to go at constant temperature and 
pressure, that equilibrium is reached when {d^)rp = o , that is again 
when dw is zero In the case of water vaporising the term dw (electrical 
work) does not appear at all, and the equilibrium is reached at a given 
temperature, and a certain pressure, namely, the pressure of saturated 
vapour Water and water vapour are m equilibrium when the ^ of 
I gram of water is equal to the ^ of i gram of vapour, and this occurs 
when the vapour is saturated At the freezing point the ^ of i gram of 
ice = the ^ of I gram of liquid water, because the change can go at 
constant temperature and pressure It can likewise go at constant 
temperature and volume, and hence » o also At the transition 
pomt the of I gram of rhombic sulphur == the of i gram of mono- 
chnic sulphur, and similarly the $ of i gram of grey tin = the ^ of 
I gram of white tin The importance of ^ as defining equilibrium 
between phases (solid and solid (rhombic and monoclinic sulphur) j 
sohd and liquid (ice and water), liquid and vapour (water and water 
vapour)) will be apparent when we come to deduce the Phase Rule of 
Gibbs 
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Chemical equilibrium m homogeneous systems, from the thermodynamic stand- 
point — Gaseous systems — Deduction of the law of mass action — The van ’t 
Hoff isotherm — Principle of “ mobile equilibrium ” (Le Chatelier and Braun) — 
Variation of the equilibriun) constant with temperature — A special form of the 
equilibrium constant and its variation with pressure 

Van’t Hoff^s “EQuiLiBkiUM Box”. 

An “ equilibrium box ” is a vessel of unchangeable volume in which 
the various substances taking part in a given reaction are present in the 
equilibrium state The walls of this vessel are suitably permeable to 
given substances and impermeable to others It is only possible to 
apply the equilibrium box idea to a reaction taking place in a homo- 
geneous system, eg gases or dilute solutions Let us at present con- 
fine our consideration to a given reaction, viz A + B= C + D In 
the box the four substances A, B, C, D are present in equilibrium 
Let us introduce isothermally and reversibly i mole of A and i mole of 
B into the box (through side§ permeable only to each of these), at the 
equilibrium concentration or pressure , let us suppose that the chemical 
change takes place , then let us remove i mole of C and i mole of D 
(through sides permeable to these), also at the equilibrium concentration 
or pressure What has happened is the transformation of A and B into 
C and D at the equilibrium concentration or pressure conditions, 
without the expenditure of mechanical work since the volume of the 
box IS constant Further, the system, i e the box and its contents, is 
at the end in exactly the same state as at the beginning, and this is 
true for all stages No actual external work has been done m the 
chemical transformation under these conditions If A and B are 
initially at an arbitrary pressure or concentration, work will be done 
either by or upon them in bringing them isothermally and leversibly 
to the concentration corresponding to equilibrium When this stage 
has been reached they may be introduced into the equilibrium box 
where they might be imagined to react giving rise to C and D, which 
can be removed at the equilibrium concentration value, no work being 
done m doing this in and out ” operation 

Thermodynamic Deduction of the Mass Action Expression for 
Equilibrium in a Homogeneous Gaseous System 

We can do this by means of an isothermal reversible cycle The 
proposition we make use of is that the sum of all the work terms for 
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a completed isothermal cycle add up to zero by the Second Law 
Suppose the reaction is — 

A+ B C +D 

Suppose we have two reservoirs (Fig 17) each containing four sub- 
stances, A, B, C, D, in equilibrium^ the absolute concent lation terms m 
the one being Ca, Cb, Cc, Cd, and in the other ygj yo yn t each 
reservoir is an equilibrium box The temperature is the same for both 
boxes 

Firsl Step — Take out i mole of A from reservoir I isothermally and 
reversibly In drawing out i mole of A at the partial pressure it has 
in I , say/^o. the system does work /ao^ao> where is the volume of 
I mole of A at partial pressure /ao 

Firsf Sub-step — Now alter v^ss to reversibly, the pressure simul- 
taneously altenng to p^^ Work done = [ ^ pdv The mole is now 

at the partial pressure possessed by the same substance in vessel II 


I 


n 

\ Cb 



CcCo 

^0 — V,'[- 

rc 7o 

\ 



1 


Fig 17 


Second Sub-step with A — Isothermally compress this mole into 
rese^oir II ,#vork done upon gas = + ptjVtj^ and therefore work done 
by the gas is —ptjVij The first step plus these sub- steps we have already 

seen simply add up to the expression 

Second Step Along with the transfer of A we suppose a transfer 
of I mole of B from I to II to take place Work per mole of 
B = \\^p 

Smee the system is gaseous, let us assume the gas laws, and we can 
wnte — 

A, = RTCAandA = RTyA 

and hence — 

work term for A == RT log — 

Va 

work term for B = RT log — 

Tb 








'f‘ i 
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Third Step — Now in this equilibrium box, viz reservoir II , sup- 
pose the A and B we have added are changed into C and D, no ex- 
ternal work being done 

Fourth Step — Now transfer i mole of C and i mole of D from 
II to I 


Work = RT log p+RT log ^ 

Finally let these molecules of C and D change into A and B m reservoir 
I , no work being done in either equilibrium box during the cycle as £ 
whole The cycle is now completed, the initial conditions being re 
stored Since this has been done isothermally and reversibly it follows 
from the Second Law of Thermodynamics that no work on the whole 
has been done That is — 

RT log — * + RT log ^ + RT log ^ + RT log ^ = o 

7a ys Ld 

or 


logC* + logCs 


or 


log Cc - 
Ca X Cb 
Q X Cd 


log Cd = log 7* + log ys - logyc - log 


Va X 7b 

= ^ = constant 

yl X yo 


The term ‘‘ constant is justified, for no numerical relation whatsoever 
was assumed to exist between C’s and y’s beyond the fact that they 
corresponded in each reservoir to equilibrium at the same temperature 
Hence we obtain the Guldberg Waage expression, or the Law of Mass 
Action for a system obeying the gas laws 


Note to Preceding Proof 

In working with an equilibrium box, m order that equilibrium shall always 
prevail, we must not alter the concentration of any one of the components That 
IS, as we introduce the reactants (say into vessel II ), we must simultaneously re- 
move an equivalent quantity of resultants (which might be regarded as actually the 
transformed reactants which we are putting in) Similarly, in the case of vessel I 
the addition and subtraction must be simultaneous The cycle, though described as 
a senes of consecutive effects, must really be imagined as taking place “ everywhere 
at once,” that is, disregarding the time factor in order that each equilibrium box may 
be at every moment a system possessing equilibrium concentration 

Another point requires mention In the case chosen the reaction involved no 
change in the number of molecules, x ^ no increase in volume at constant pressure 
or increase in pressure at constant volume It might seem, therefore, that the ab- 
sence of work in the transformation from reactants to resultants (or vice versa) in 
the equilibrium boxes really depended on this property of the system This is not 
the case, however The conception of an equilibrium box and the principle of 
virtual work are quitej as applicable to reactions which involve a change m the 
number of molecules Thus take the case of the combination of 2 volumes of 
hydrogen with i volume of oxygen to form 2 volumes of water vapour In the 
process going in this direction there is a decrease of i volume, but under the 
equilibrium box conditions and arrangement this loss of i volume in the box is 
exactly balanced by the fact that we put tn 3 volumes and only took out 2 The 
contents of the box remain as they were, the volume of the box remaining constant 
Of course in all cases there will be a positive or negative heat passing out from the 
box into the constant temperature reservoir with which it is in contact ^ such heat 
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being the equivalent of the total energy hberated or absorbed in the reaction, but no 
work comes out or goes in ^ 

1 Law of Mass Action, as applied to homogeneous gaseous systems, hac 

already been illustrated in Vol I by several concrete examples It is unnecessary, 
tneretore, to repeat or extend these in the present discussion of the law, as sufficient 
instances of its experimental verification have already been given 

As already pointed out in dealing with the Law of Mass Action from the 
kinetic standpoint, the principle holds good in the first instance for homogeneous 
gaseous systems It can likewise be extended to the case of heterogeneous equili- 
brium, in which a gas or gases are essential to the reaction, e g the dissociation of 
calcium carbonate, or ammonium chloride Every solid or liquid possesses a vapour 
procure, however small, and hence in the vapour space above the solid calcium 
carbonate and lime we have some gaseous CaCOg molecules, gaseous CaO mole- 
cu es, and a l^ge quantity of gaseous CO2 molecules This space containing vapour 
can be treated as a homogeneous system in which a gaseous reaction can take 
place, and the equilibrium is determined by — 


K= 


gas 


CcacOj 
gas 

This simplification whicti can be introduced here, however, is that the concentration 
terina for gaseous carbonate and lime are themselves constant (at constant tempera- 
ture}, since the solids are present and the corresponding vapours are therefore 
saturated The equilibrium in such a case is thus defined by the CO9 pressure alone, 
since this is not “ saturated,” te no solid or liquid CO_j is present That is — 

K =:= K'CcOi 

or Ccoa ^ constant at constant temperature 


The Van’t Hoff Isotherm 

This ts an expression which gives the maximum external work which 
can he obtained from a given chemical process occurring in a gaseous system 
at constant temperature^ the work being expressed in terms of the equilibrium 
constant Later we shall see the significance of this ‘‘ Isotherm” as a 
meagre of the affinity of a reaction For the present the expression 
will be deduced by the aid of thermodynamics (and the equilibrium 
box), as we require the isotherm in the subsequent consideration of the 
variation of the equilibnum constant K with temperature 


Deduction of the Van V Hoff Isotherm 
Let us suppose that we are dealing with the reaction — - 
2H2 - 1-02 = 2H2O 

taking place m the gaseous state The arbitrarily chosen concentration 
values of the hydrogen and oxygen are C'h^ and C and we want to 
find what will be the maximum work output involved“m making 2 moles 
of hydrogen and i mole of oxygen react thermodynamically, t e re- 

chanll standpoint it is interesting to note that the 

a® occurs m the equilibrium box. must 

sardfidirihnkm Ae naturally or spontaneously, but, re- 

the chain of operations, the reverse change occurs m the box 

bito I^^*f operations are exchanged Chemical leversi- 

Afficalty ^efhoweva ® “ thermodynamical reversibility There is really a 
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versibly, so as to end up finally with a system consisting of water 
vapour at an aibitrary concentration C'h^o We imagine that there are 
three practically infinitely large vessels (Fig 18) containing respectively 
H2, O2, and H2O gases at the arbitrary concentration, C'h^j C o^i C h^o 
T he temperature is T throughout The size of these three vessels is so 
great that on withdrawal or addition of i mole or even 2 moles of the 
constituent, this can be done without altering the concentration in the 
vessel, t e the mole of gas can be drawn off at constant pressure 
Besides these three large vessels, we likewise suppose that we have at 
our disposal an equilibrium box containing H2, O2, and H2O gases at the 
equilibrium concentrations C^h,, Ceo^j corresponding also to the 


Reservoir of 
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infinite size 
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at 


H2O 
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The direction of the 
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the thermodynamic 
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out the reaction 
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temperature T One face of the equilibrium box possesses the property 
of being permeable to hydrogen and impermeable to oxygen or water 
A second face is only permeable to oxygen, a third face permeable to 
water vapour only Now we suppose the following thermodynamic 
process carried out — 

I By means of a cylinder and piston one can take 2 moles of 
hydrogen from the stock at concentration C to the equilibrium box 
(where hydrogen is at concentration C«h^) reversibly and isothermally, 
thereby accomplishing a three-stage process m which 


A 


per 2 moles of 


"initial pressure m infinitely large vessel 

2 vdp (where v = molecular volume) 

J final pressure in equilibrium box 
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wnte"^^ supposed to obey the gas law, so that we can evidently 

C H 

-A-per 2 moles of = 2 RT log 

the number ‘‘2 ” entering in because 2 gram molecules have been 
ransierred C is the initial concentration, C^h the final concentra- 
tion reached in this process ^ 

II Simultaneously with operation I we suppose i gram-mole of 
OX) gen IS taken from the stock vessel at C'o^ to the equilibrium box at 
The work done is given by — ^ 

*^per 1 mole of o. = RT log ^ ^2 
CeOg 

The hydrogen and oxygen now in the equilibrium box react without 
doing extonal work, water vapour being removed at the same time 
ill Iwo moles of water vapour are removed from the equilibrium 
box at concentration Cen^o, and brought to the vessel at arbitrary con- 
centration C'h^o The initial concentration m this case is CeH o, tbe 
final concentration being C'h^o Hence the work is given by— ' 


•^per 2 moles of HgO gas 2RT log 


C' 


T e total process which has been earned out isothermally and 
reversibly ^ simply the chemical combination of 2 moles of Hg and 
I mole of O2 at a given arbtrary concentration to produce HoO vapour 
also at arbitrary concentration If the total maximum work or decrease 
in free energy is A, then — 


that is — 


A “^permoleof + -A.per 2 moles of water 

nydrogen oxygen vapour 


A = sRT log ^ + RT log -p + 2RT log 

constant K of the H^O, O^, Hj reaction 
(2H2 + O2 “> 2H2O), at temperature T, is — • 


K = 


CeO^ X CeH 


or log K - log CIh^o ~ log CgOg - log C^Hj. 

Hence the above expression for A may be written— 

A = RTlogK - RTlog ■ 

^ (C'„/ X C'o^ 
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It will be observed that the magnitude of A depends on how far 
the arbitrarily chosen concentration of the system is from the equilibrium 
concentration state If the arbitranly chosen state happens to correspond 
to the equilibrium state naturally no work will be done in reaching the 
equilibrium state This the above formula expresses It will also be 
observed that the above formula is deduced on the assumption that the 
system obeys the gas laws Numerical illustration of this formula will 
be given when we come to study the affinity of a reaction The most 
general mode of expressing the isotherm when seveial substances 
react, eg — 

I'lAi + V2A2 + etc = V '^A'l “f + etc 

is simply to write the arbitrary concentration term in an abbreviated 
form, VIZ RT5v log C, where C stands for all the arbitrary concentra- 
tion terms (the reactants in the denominator, the resultants in the 
numerator m the log term), and %v simply stands for v'l + v'^ + etc 
— yg ^ etc , so that the general form of the isotherm is — 

A = RT log K - RT> log C 

The Principle of Le Chatelier and Braun, or “The Principle 
OF Mobile Equilibrium” 

This generalisation was first given by Le Chatelier in 1884, and 
later independently by Braun in 1887-88 No proof” in the ordinary 
sense can be given of it , it is a generalisation based on experience It 
has been applied in all branches of Physics and Chemistry, and has 
shown itself to be a valid and perfectly general law of nature Since it 
involves no assumptions regarding molecular structure of systems, it is 
to be regarded as a thermodynamical law As a matter of fact, it is 
comprehended in the Second Law of Thermodynamics This connect- 
tion is discussed very fully in Chwolson’s Textbook of Physics (vol 111 
p 474, seq ), to which the reader is referred for further information on 
this point 

The principle may be stated as follows — 

When a factor determining the equilibrium of the system 
IS altered, the system tends to change in such a way as to 
OPPOSE and partially annul t&e alteration in the factor 
The same idea is conveyed by saying that every system in 

EQUILIBRIUM IS CONSERVATIVE, OR TENDS TO REMAIN UNCHANGED 

That is, considering a physical or chemical system in equi- 
librium, THE EQUILIBRIUM BFING FIXED BY THE NATURE OB THE 
SYSTEM AND CONDITIONS SUCH AS TEMPERATURE AND PRESSURE, THE 
PRINCIPLE STATES THAT IF WE ALTER ONE OF THESE CONDITIONS OR 
PARAMETERS, SAY THE TEMPERATURE, THE SYSTEM WILL CHANGE IN 
SUCH A DIRECTION AS TO TEND TO ANNUL THIS CHANGE IN TEM- 
PERATURE The principle will be made clearer by a few examples 

Consider the case of a gas occupying a certain volume at a given 
pressure and temperature Suppose the pressure is increased The 
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volume IS thereby decreased, and according to the principle the system 
ought to oppose this volume decrease It does so m rising in tempera- 
ture, for a rise in temperature tends to make the volume increase We 
are familiar with the fact that by compressing a gas its temperature 
rises This behaviour is in agreement with the principle Take as 
another case a gaseous system such as iodine vapour partially decom- 
posed and in equilibrium with its dissociation products at a given tem- 
perature and pressure Now suppose the temperature of the system is 
raised According to the principle the system will change so as to 
tend to annul this rise in temperature What actually happens is that 
the dissociation of iodine molecules increases^ and separate experiments 
show that a gaseous dissociation is accompanied by an absorption of 
heat In a process involving heat absorption the temperature would 
naturally fall, and this fall of course opposes the rise in temperature 
impressed upon the system by the external agency in the first instance 
The fact that gaseous dissociation increases with rise in temperature is 
thus directly due to the fact that the process of dissociation involves 
heat absorption In cases of dissociation involving an evolution of 
heat, the principle leads us to expect that an increase of temperature 
will cause a decrease in the dissociation, t e a recombination of the 
dissociation products, since in this process heat is absorbed 

What has been said in connection with dissociation holds for all 
kinds of chemical reactions either homogeneous or heterogeneous An 
endothermic reaction will be favoured by a rise in temperature, an 
exothermic reaction by a lowenng of temperature The^ effect pro- 
duced, say, by increasing or decreasing the pressure on a gaseous 
system m equilibrium can also be predicted by the principle, provided 
we know whether the reaction considered involves a volume increase or 
decr^se This statement must n#t be taken as meaning that the 
equilibrium constant alters with the pressure The equilibrium constant 
remains unchanged , otherwise no meaning could be attached to it as a 
constant in this case, for in gaseous systems our only means of obtaining 
isothermal variation m concentrations is by altering the pressure In 
the case of the hydnodic acid dissociation which involves no change in 
volume the effect of pressure ought to be nil according to the principle, 
this is m agreement with expenment as we have already seen in Vol I 
In the case of the dissoaation process of Ig 2I, the volume increases 
Now if we increase the pressure the system will change in the chemical 
sense so as to annul this increase m pressure It can do so by the 
dissociation diminishing^ as thereby there are fewer molecules present, 
and the pressure of the system itself tends to be less than in the first 
^t^ce Notice that we are only employing the term ‘‘tends to be 
less Actually the pressure of the system in the final state is greater 
tl^ m the initial state, but it is not so great as it would have been if 
the extent of the dissociation had remamed unchanged The behaviour 
in this case is to be distingmshed from that of a single gas in which no 
chemical reaction was possible, and in which we consider changes in 
pressure, temperature, and volume simultaneously Of course in the 
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dissocidtion C 3 .S 6 dlso the temperature will tend to rise on compression 
if this be rapid, but after allowing sufficient time to elapse so that the 
temperature is the same as at the start, the dissociation will be found 
to have permanently diminished as already described Instead of con- 
fining our illustrations to gases, let us consider a heterogeneous reaction 
involving solid and liquid phases, eg the process of solution of a solid 
m a solvent Suppose we have a saturated solution of a substance, 
and some of the undissolved solid in contact with it at a given tem- 
perature Now suppose the temperature is raised Will the substance 
still further dissolve or will there be a precipitation of the substance 
already m solution ? This depends entirely on whether the process of 
solution of the solid involves a heat evolution or absorption If the 
sohd dissolves with absorption of heat, the raising of the temperature 
will cause some more of the solid to dissolve since this tends to annul 
the temperature rise For such a substance the solubility increases 
with the temperature If the solid dissolves with evolution of heat, a 
rise m temperatuie will cause some of the solid to be precipitated from 
the solution, which at this higher temperature is now super-saturated, 
for by this^ process (the reverse of solution) heat is absorbed, and there- 
fore the temperature rise is partly annulled, at least temporarily Again 
consider the same system and suppose the pressure upon it increased 
at constant temperature The system will change in the following way 
Further solution of the solid will take place if the process of solution 
IS accompanied by a contraction in volume of the system as a whole 
as the contraction tends to annul the mciease m pressure applied by a 
gas, say the atmosphere On the other hand, some of the dissolved 
solid will be precipitated from solution if this process involves a volume 
deciease (a contraction) 

The Variation of the Equihhmm Constant with Temperature The 
"Van V Hoff Isochore 

The expression we are about to deduce is — 

Mog K U 

where K is the Mass Law equilibrium constant, U the decrease m total 
energy involved in the transfer of the necessary number of moles of re- 
actants (required by the stoichiometric or ordinary chemical equation) 
into resultants, T the absolute temperature, R the gas constant per 
mole This expression is known as the vanH Hoff Isochore, and is 
simply the Le Chatelier-Braun principle applied quantitatively (by 
making use of the First and Second Laws of Thermodynamics) to the 
case of the effect of temperature on the equilibrium constant K of a 
given reaction Suppose for simplicity’s sake, we consider a gaseous 
system m which the reaction is — 

viAj + 1/2A2 + etc =* v'lA'i + + etc 
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The equilibnum constant K is — 

K = X [A'^V^ X 

[Ai]>'i X [A2]*'2 X 

Suppose we have a number of vessels each containing the substances 
Aj, A 2 , A'lj A 2 , at arbitrarily chosen concentration values Then the 
work done m bringing the correct stoichiometric quantities (as required 
by the chemical equation), z e n moles of Aj, moles of Ag, etc , into 
the “equilibrium box ’’and transforming them into resultants, and these 
being brought to the arbitrarily chosen concentration values, is given 
by A, where — 

A = RT log K - RTSv log C (van ’t Hoffs Isotherm) 

To find how this vanes with temperature (at constant volume) it is only 
necessary to differentiate with respect to T, thus — 

( <^A\ d >7 

It), = R log K + T^(R log K) - RSv log C ^ T^(RSr log C) 

Now the arbitrarily chosen concentration values of the reactants and 
resultants, which are denoted by the terms ^vlogC are not a function 
of temperature or any other condition, being simply a matter of choice 
That is, the expression — 

^(R2v log C) = o 


Further, dividing the isotherm by T, one obtains — 



^ = R log K - RS>/ log C 


Hence 

(h). - T + '“e 


or 


(I) 

Now the Gibbs-Helmholtz equation states that for any reversible 
reaction — 


by combining equations (i) and ( 2 ), we obtain — 

^ log K U 

DT RT^ 

Since + U can be wntten - Q„ where - Q„ stands for heat evolved by 
the reaction at constant volume ^ we can write 

^ log K _ + Q„ 
t)T RT** 

where 4 Q, stands for heat absorbed 


a volume change, the heat equivalent 
fSmIhe be calculated and added to or sub- 
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This equation, which is one of fundamental importance, holds not 
only for homogeneous gaseous reactions, but likewise for heterogeneous 
reactions as well as for solutions, as we shall see — in fact m all cases 
where a real significance can be attached to “ K Now suppose that 
m a certain case rise of temperature favours the production of resultants, 
eg dissociation Since K is the ratio of resultants to reactants (raised 
to certain powers, 7/2, vi, V2, etc ), an increase in the equilibrium 
concentration of resultants due to temperature means that K must 

numerically increase with temperatuie, te — ^ must be a positive 

quantity Hence «- must be a positive quantity, that is - U must 

be positive Now U denotes decrease m total energy, so - U denotes 
increase in total energy, that is heat absorbed at constant volume 
Hence in the case considered the reaction (dissociation) must be ac- 
companied by heat absorption, that is the van ’t Hoff Isochore is simply 
the quantitative form of the Le Chatelier-Braun principle of mobile 
equilibrium applied to the particular case of a chemical equilibrium 


Integration of the vxn V Hoff Isochore 

f 

The expression — 

a logK _ - U + Q„ 

ar RT^ 

IS not of much use as it stands unless we can integrate it * As a first 
approximation which holds in a very large number of cases we can re- 
gard Q„ (the heat absorbed by the reaction) as practically independent 
of temperature provided we are not dealing with too wide a temperatuie 
range Taking two temperatures, Tj and T^ (T^ > Tj), not very far 
apart, and supposing that the heat at constant volume is Q„ at both 
temperatures, then the corresponding equilibrium constants Kj and K, 
are connected with one another by the relation — 

This may be illustrated by the following data, obtained m connection 
with the dissociation of nitrogen peroxide — 

N2O4 2NO2 

(cf Knox, Physico-Chemical Calculations^ Problem 166) At atempeia 
ture 27° C and x atmosphere pressure the equilibrium constant K 


What IS the heat of the 


IS o 0017. At rii° C the constant is o 204 
dissociation per mole at constant volume? 

We assume that over the range investigated - U or Qy remains 
constant The expression just obtained then gives us — 

K 
8 


Qy = R log 


cAto --"tA 


VOL 11 
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R = 2 calories per mole approx 
^ Ti ~ 27° C =« 300® absolute 

T2==iii°C =384° „ 

Q„ = 2 X Jog.^i 2 i. ,, 3_lo X 384 

(Heat absorbed) O OO17 ^4 

= 13,110 calories 

Another illustration (see Knox’s Physico-Chemical CalcMlaitons, 
Problem 176) 

The molecular heat of combustion of hydrogen is Qi = - 58,000 
cals , the minus sign denoting heat evolved, and that of carbon mon- 
oxide is Q2 = - 68,000 cals What is the composition at equilibrium 
of the water gas formed from equal volumes of water vapour and carbon 
monoxide (i) at a temperature Tj = 800° abs , and (2) at a temperature 
T2 - 1200 abs ? 

The reaction H2O -h CO = H2 + CO2 is made up of two subsidiary 
reactions — 


(1) H 2 O = H 2 + ^02 

(2) ^02 + CO = CO2 

The heat of reaction (i) is ~ + 58,000 cals , and of reaction (2) 
(^2 =3 ~ 68,000 cals The heat effect of the total reaction 


H2O + CO “> H2 + CO2 is therefore — 

Q = ‘-Qi-hQ2 = — 10,000 cals , te hesct is evolved The reaction is 
on^e which goes at constant volume Hence Q is identical with Qi; 
ihe equilibrium constant K alters with the temperature according to 
the relation— ^ 


^ log K ^ 

^T RT2 

where Q (/ ^ + denotes heat absorbed, and K as usual is defined 
as — 

X C^co^ 

C^HgO X C^CO 

Let K refer to the temperature T and Kj to Ti Integrating the van ’t 
Hoff expression we obtain — 

“ 4 i) • • (3) 

Similarly integrating between the temperatures T and T2 we obtain — 

I “ x(f ~ Ta) (4) 

The value of K at T = rooo abs is found experimentally to be 326 

to calculate Kj at the temperature Ti = 800 
abs From equation 3 we have — 

logio Ki = logio K + ° ~ 

RT X ], 
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In the reaction considered, the heat absorbed, Q^, is a negative quantity 
(~ 10,000 cals), because the heat is really evolved Substituting this 
value in the above expression we obtain — 

logic Ki = logic K - X ° 4343(800 - 1000) 

I 985 X 1000 X 800 
, , 0513 + 0552 = 1065 

therefore Kj = 1 1 6 

On lowering the temperature, K has increased to That is, at 
the lower temperature, the concentration of the resultants is increased 
owing to the fact that their formation is accompanied by an evolution 
of heat which tends to maintain the system at the original temperature 
^00 abs The equilibrium constant K2 refers to the temperature 
Tg = 1200 abs From equation four we have — 

logic Kc = logic K + — X °4343 x (T^ - T) 

I 985 X 1000 X 1200 
, ^ 0513 - 0364 = 0-149 

therefore K2 = i 41 

If IS the fraction of the water vapour transformed at Ti according 
to the equation H2O + CO — H2 + CO2, and the corresponding 
fraction at T2, then, as in problem 175, we obtain — 

7-^ - = -yiV" 5 = 3 40 

^1 = 0 773 » 

and . 41 = I 19 

^2 = 0 S 42 

The composition of the water gas mixture is, therefore, at Tj = 800° 
abs — 

38 7 7 o CO2 , 3 ^ 7 y 0^2, 113% ^^20 , 1 1 3 7o CO , 
and at T2 = 1200° abs — 

27 i7oC02, 27 i 7,H2, 2297^H20, 2297, CO 
The assumption that Qt, or U is independent of temperature cannot 
be regarded, however, as anything more than an approximation. Ex- 
perience has shown that U may be represented as a function of the 
temperature involving a series of ascending powers of T Thus we can 
write for the total energy change of a gaseous reaction at any tempera- 
ture the relation — 

U «= U^o + O' T + + etc 

where U'o denotes the heat of the reaction m the neighbourhood of 
absolute zero (Actually at the absolute zero the gaseous state can have 
no physical existence ) Employing the above expression for U, we can 
integrate accurately the van ’t Hoff Isochore— 

c) log K - U 
i)T “ RT-* 
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= i\ = 

ni 

= ^ 

^1 + ^2 "h "h ^^2 “h 

%n 

=• y'2 




~~ %n 


The volume concentration of is Ci = ni/Y , similarly C2 
It IS evident that yi = % YjY^n = Ci Yj%n 


etc 
n^lY^ etc 


Also 

Therefore, 


V = — Sw 
p 


7i = 

y2 = C2 RT//, etc , 

where/ is the total pressure in the equilibrium box 
Hence 


yV'i yV'a 

yi^'i • 


' 1 ^2 


^l^'l ^2^1 

RT\ Si'' - Sv 




Ki 


P / 


Hence the quantity ^ ^ is also a constant, say K', which depends, 

yi*'i . 

however, upon the total pressure in the box as well as upon the tempera- 
ture We have now to find how K' varies with the total pressure 
Writing down the expression — 

r.K(H)-- 


and taking logarithms, we obtain — 

log K' = log K + (Sv - 5 v) log RT - (Sv' 
(h log K'N %v - Sv 


Sv) log p 


/Mog_K \ 

• V 3 / A” 




If V IS the total volume of vi + va + etc , molecules of reactants, and 
V' IS the volume of v'l + v'a + etc , molecules of resultants, then — 
pV = 5v RT 
p\r = 5v' RT 

. ^(V' - V) = {%v' - Sv) RT 


A log 
\ D/ 


A = - 


(V' - V) 

RT 

This important relation gives the variation of K' (defined in terms of 
molar fractions or “ molecular ” concentration terms) with the total 
pressure exerted upon the system The term - (V' - V) denotes the 
decrease m volume accompanying the reaction when the stoicheiometric 
quantities vj, V2, etc , are transformed into the stoicheiometric quantities 
v'l, v'2 etc If = Sv, that is, if the reaction does not involve a change 
in the total number of molecules and there is therefore no change m 
volume, then m such a case K' is independent of the pressure K is 
always independent of / 
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The Law of Mass Action and the Van ’t Hoff Isochore from 

THE POINT OF VIEW OF EntROPY 

A t consisting of the substances 

, B, L, and D in which the reaction A + B = C + D can occur 

wlCe 7“™ ■" S 

»L,p‘: “1“'" “ ■>' •>“ 

... ® + Sb + Sc + Sd 

occTO”to^a"^lf^hr'\''''rl whereby the reaction 

formed then ? disappearing and C and D being 

w^ed, then the corresponding change in the total entropy is given 

- 8S = - 8S, - SSb + SSe + 8Sc 

m* t',.:? " * p“'“' «>= 

s* = Cbx log T + R log V. + Sb 
or S* = C„, log T - R lo| Q + S, 

volume^hich^rnr,tr“"^^^‘^°“ ^ expressed as a reciprocal of the 
thaHs I SeZ nf tr 1 It was shown in Chap II 

fSSl = o tf ^^l^> f 1*^0 can make use of the expression 

ecuihbnum nnmf ®"?°Py isolated system is a maximum at the 

m '"“"S' >>' «> 

Tf T ' ‘®‘> + <*®"> + - » 

Similarly Thr^t^' ^ “ constant and therefore 8C„ log T = o 
Sr= 1 “tegration constant So is a constant and consequently 

IS e5SnUo-®“ temperature the equilibrium expression just given 

+ R8 log C* + R8 log Cb - RS log Cc - R8 log = o 
or 81ogp*^CB 


or 


or 


or 


Slog 

log 


Cc X Ci> 
Cc X Cp 
Ca X Q 

Cc X Cd 
Ca X Cb 
C c X Cb 


= o 


== a constant, 
= K 


C' X 

Tke concpt of 

t “"““e ■” 

Pq..hW„„ pj' ,™ aKh“teSot”f4™d" 
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now consider a real change of the equilibrium system whereby the en- 
tropy alters by a definite amount Suppose that one mole of A reacts 
111 a reversible manner with one mole of B to give rise to one mole of 
C and one mole of D The change m the total entropy of the system 
IS Q/>/T where is the heat of the reaction at constant pressure 
Note that denotes heat absorbed This must be equal to the sum 
of the changes of the separate entropies of the constituents Denote 
the change in entropy of the gas A by Si, change in entropy of B by Sg, 
and so on Since A and B disappear their entropy decieases The 
total change is therefore given by — 

- Si - S2 + S3 + S4 - Q^/T 

But Si = log T - R log Ca + S' 

where each of the terms refer to one gram-molecule of the gas Similar 
expressions hold for the other entropies Hence the preceding equa- 
tion may be written — 

(C„c + - C,A - C,3) log T ~ R log Cc Co/Ca Cb + SS' = Q^/T, 

or log Cc Cc/C* Cc = - Q^RT + log T + SS'/R 

The right-hand side is the complete expression for the equilibrium con- 
stant K in the case of a reaction between perfect gases In the case of 
a perfect gas, however, the internal energy and therefore Cv log T is 
independent of the volume and therefore of the pressure Hence K 
as defined above (m terms of volume concentrations) is independent of 
the pressure, a result which we have already obtained by a consideration 
of the van ’t Hoff isotherm K is now seen to be explicitly a function 
of T If T be kept constant the terms on the right-hand side are 
constant, and hence for the system considered, the expression on the 
left is likewise constant, i e the equilibrium constant 

If we denote Cc Cd/Ca Cb by K, and differentiate the above ex- 
pression with respect to temperature, we obtain — 

d log K I SCt, log T d%(Zv 

dT "" RT2 RT ^T RT R dT 
But the specific heat of a perfect gas is independent of the temperature 
Hence = o 2 ind the expression becomes — 

^logK I dQp 

dT " RT^ RT ^T RT" 

Further, from Kirchhoff’s equation (Chap I) we have — ■ 

^ = S(C„ + R) 

d log K S(C„ + R) SC„ 

dr ~ RT^ RT 'R 
Qp 2R Qp - SRT 

" rT2 RT ~ RT-* 


Therefore 
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The term 2RT denotes the work done by expansion of the system fin 
the particular case chosen there is no change in the total number of 
molecules as a unit of the reaction, and hence there is no expansion, / ^ 

° 5RT will possess a positive or negative 

value J In general therefore — ° 

Q# = Q. + SRT 

where Q„ k the heat absorbed in the reaction when the reaction occurs 
at constant volume Hence — 

^log K _ 
dH: RT^ 

which is van 't Hoff’s isochore obtained by a consideration of the entropy 
of the system 

In the above, K has been expressed in terms of volume concentra- 
tions (gram-molecules per liter) Let us now express it in terms of 
partial pressures For the partial piessure ^ of the gas A m the 
equilibrium state we have— s = xa ui uic 

= RTQ 

and therefore log/^ = log C* -f log RT 


Hence 


log 


A F 


= log ^ + S log RT 


[A^ already pointed out SRT in this case is zero, m general it is not 
that— denote the left-hand expression by 


£log _ ‘^logK 2 

FT <rr T 

_Q.v+ 5RT 
RT" 


RT"' 


In above me ^o change in the total number of molecules) 
and = K In a reaction m which the total number of 

K K has been shown to be independent of the total i^ssure 

RT ^whST’i K by a teiSi S log 

Sndem of it follows that is likewise in- 

in nr^L°i^ pressure K# is not to be confused with K' dealt with 

SnSntotm?s”?f ?’ 'r ^^tms of “molecular 

CPhcentrations or molar fractions and does vary with the pressure 



CHAPTER VI 


Chemical equilibrium in homogeneous systems — Dilute solutions — Applicability of 
the Gas Laws — Thermodynamic relations between osmotic pressure and the 
lowering of the vapour pressure, the rise of boiling point, the lowering of freez 
point of the solvent, and change in the solubility of the solvent in another 
liquid — Molecular weight of dissolved substances — Law of mass action — Change 
of equilibrium constant with temperature and pressure 

The Applicability of the Gas Laws to Dilute Solutions 

As already pointed out (in Vol I ), we owe to van ’t Hoff the discovery 
of the close connection between the behaviour of gases and the 
behaviour of substances in the dissolved state. The quantitative con- 
nection between the two only holds for dilute sol utions, an ideally dilute 
solution being one in which further addition of solvent does not cause 
any heat effect (heat of dilution) In this chapter the thermodynamic 
proof of the applicability of the gas law expression PV = RT to the 
osmotic pressure-concentration relations of a dissolved substance will 
be given It is important to notice that this cannot be done simply on 
thermodynamic grounds It is necessary to assume the truth of the 
experimental law discovered by Henry, namely, that the concentration 
of gas dissolved in a liquid is proportional to the pressure of the gas at 
the given temperature As has been shown in Vol I , this law holds 
in a large number of cases, / in those cases in which the molecular 
condition of the solute is the same in the gaseous and dissolved states 
respectively Henry’s Law does not hold in the above simple form for 
substances which polymerise or dissociate electro! ytically when dissolved 
m a solvent This has been dealt with at some length in Vol I For 
our present puipose, therefore, we shall only consider the case of a gas 
which dissolves ‘‘normally” and obeys Henry’s Law accurately To 
deduce the gas law for the dissolved gas it is necessary to go through 
an isothermal reversible cycle and equate the sum of all the work terms 
to zero To carry this process out it is necessary to postulate the ex- 
istence of semi-permeable membranes, it being a matter of no conse- 
quence what may be the mechanism of the semi-permeability ^ Naturally 
we are only dealing with ideal oi limiting conditions, none of which can 
ever be realised in practice The proof that the osmotic pressure of a 
dissolved substance is quantitatively identical with the gas pressure 
which the substance would exert if it were in the gaseous state at the 
same temperature and at the same concentration (or dilution or volume), 
is that given by van ’t Hoff in his Lectures (Part II ), and is due partly 
to van ’t Hoff, partly to Lord Rayleigh, and partly to Donnan 

^ A simple proof that the magnitude of the osmotic pressure is independent of 
semi-permeable membrane is given by Ostwald (Lehrhich 4 allg. 
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TIk Thermodynamic Proof by means of a Reversible Cycle 

Consider a cylinder, such as that shown m Fig ig, contamme a 
quantity of gas in equilibrium with a solution of the gas The vapLr 

of the gas The solution is separated from the undissolved gas by the 
membmne be, which <^ly permits the gas to pass through bm no^ the 
so ven , say water The walls ab and cd are in conlct with pure 

fSled It impermeable to 'the so^lute 

(dissolved gas) The system being in equilibrium, let us suppose that 

or toW oTT°^ ® molecula? volume 

or volume of i gram-mole of the gas at pressure /, and similarly let P 

pressme and V the molecular volume of the solme, i e 
dissolved gas in equilibrium with the gas at / The concentration of 


the solute is 


c where ^ 


Henry’s Law states that cx j> The 

ITLc! “o^able impermeable pistons 

Suppose both pistons to be moved upwards so that i gram-mole of 

solute IS transferred from the liquid solution to the 
That IS, the upper piston moves 
through a volume zi, the work done by the system 
Gas reversibly (maximum work) being fv Simultaneously 

P the external surroundings push the lower piston up 


Sol 


4e 


1 




Ic . W^' IZ pusn rne lower piston up 

iSolutton g through a volume V (the solvent passing out through 
M ao or cd, the level of houid rpmaininry r^f /Ni-viivc-ck 


=i 

I 


Fig ig 


z \ the level of liquid remaining of course at 

oc) 1 he work done upon the system is here - PV 
negative sign denoting work done on the system' 
work done by the system is J>zf — PV 
The first process is now completed 

o-ram mnU *. secood process consists in restoring the 

To dTo T reversible isothermalVth 

Til ! I f gram-mole of gas at volume v and 

pressure p Related from the rest of the system by pushing across a 

S .Ss .molvilio 

Ideal case), and we then suppose the isolated gas to be reversiblv ex- 
^nded to an extremely great dilution practically infinite volume, naLely 
The maximum work done by the system in this process is- ^ 


PV® = RT P”^ = RT log ^ 
Jv z; ^ zj 


waviihiF^ brought into contact with a volume V of 

water, this process bemg reversible in the limiting case in which the 

tte“mto^woSTot aTT^^^ “TT ’'' 1 ‘^e'^^these circumstances 
tne water would not absorb any of the infinitely dilute eas the 
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- T” P^dvx 

J V =0 

the negative sign denoting that work is reckoned as done by the system 
During the compression, however, is not related to by the usual 
expression 

= RT 

if R be taken as referring to i mole p-^ is really smaller than this (at 
any stage of the process of dissolving the gas) because a portion of the 
gas has already disappeared from the gas phase and has gone into 
solution This part which has dissolved will evidently amount to 
I gram-mole when the pressure exerted by the piston is p (for i mole 
of gas in V volume of solvent is the original concentration of dissolved 
gas which we assumed to be in equilibrium with a gas phase at pressure 
p) When the pressure exerted by the piston is /i, (pi<p) the amount 

of gas which has gone into solution must be the fraction of i gram- 

mole, that IS if Henry’s Law regarding the direct proportionality be- 
tween quantity of dissolved gas and pressure be taken as true The 
quantity remaining undissolved in the gaseous state at p^ is therefore 

"" 3,nd this IS the mass of gas to which we must apply the gas 
equation That is, at any stage — 


/i»i = (i - j)rT = RT 


or 


A = 


RT 

» + Vx 


We can use this relation between h and Vx to integrate the expression- 


Thus- 


(•»» 

IxdVx 

Jo 

cvto //w 

/i<?»i = - RT I — ^ = - RT log 
Jo Jo ® ® 


+ V 


Neglecting v compared to we get the work of dissolving t mole of 
gas reversibly and isothermally in a volume V of solvent to be — 


-RTlog^ 

Now we have got the gas back into the solvent at the same concentra- 
tion as that of the original solution from which we had taken it initially 
To all intents and purposes this is identical with bringing the gas back 
into the original solution itself, for we have simply to bring this volume 
V of solution into contact with the original solution when they will mix, 
there being no work process involved m this since both systems are one 
and the same Hence the cycle is complete, and by the Second Law 
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of Thermodynamics the nett work done in an isothermal reversible 
cycle IS zero That is, the work terms — 

- PV + RT log _ RT log ^ = o, 

or = PV 

but ^ = RX 

PV = RT 

That IS, the osmotic pressure obeys the generalised gas law, which 
includes Boyle’s Law, Gay-Lussac’s, and the Avogadro Hypothesis 
It will be observed that the R'’ is numerically identical with the R of 
the perfect gas equation That is, the osmotic pressure of a dilute 
solution IS related to the molecular volume, or the inverse of this the 
molecular concentration qiiantitatively as the pressure of a perfect gas 
IS related to the volume For substances in dilute solution R = i 985 
clones per gram-mole It may be noted that in the particular case in 
which V = z> the osmotic pressure is identical with the gas pressure 

Th^ deduction ^ust given, which is based on a thermodynamic cycle, and 
also on the validity of Henry's Law, proves that the osmotic pressure obeys 
Boyle's and Gay-Lussac s Laws, and is in agreement with the Avogadro 
Hypothesis 

The experimental evidence that the osmotic pressure of dilute 
solutions is identical with gas pressure is furnished by the work of 
Morse and Fraser and their collaborators, to which reference has 
already been made in the chapter on solution in Vol I As a corollary 
to the proof which has just been given, it should be mentioned that if 
It IS assumed that the osmotic pressure of a dissolved gas does obey the 
gas laws, then it is possible by means of a thermodynamic cycle to 
^duce Henry’s Law of Absorption (Compare, for example, Sackur's 
Thermochemistry and Thermodynamics, English Ed , p 273, in which is 
given the deduction of the Distribution Law of which Henry’s Law is 
a particular case ) 

The applicability of Henry’s Law has recently been investigated 
over a considerable pressure range by Sander {Zeit fur physik Chem , 
78> 5^3> ^9^2), and by Sackur and Stern {Zeit fur Blectrochemie, 18, 
object being to see what concentration values are 
reached both in the gaseous phase and in the solution before the 
simple gas law breaks down Sackur and Stern consider they have 
shown the very interesting fact, that m the case of carbon dioxide 
partly dissolved in vanous organic liquids the gas law breaks down for 
the ps phase much sooner than it breaks down for the same substance 
m the solution In other words, we can consider that a solution 
is unctioning as an “ ideal solution ” to higher osmotic pressures, 
than IS the case with the gas itself m equilibrium with this solution 
In the follo^g table are given some of the results of Sackur and 
btera, on the absorption coefficient, and in order to be able to 
work up to considerable concentrations without introducing very high 
pressures which might give rise to some experimental difficultiL, 
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measurements were made at low temperatures, - 78° C and - 59° C , 
since the solubility of the gas is greater the lower the temperature 
The distribution coefficient can be expressed in two ways 

Bunsen's DefintUon — ^The coefficient E denotes the quantity of 
CO2 in cubic centimeters at 0° C and at the pressure of the experi- 
ment absorbed by i gram of the liquid 

OsiwalTs Definition — The coefficient k is the ratio of the con- 
centration of the CO2 in the solution and in the gas space (This is 
obtained from the B value by employing, in addition, data for the 
density of the solution ) Both k and E are given in the following 
table 

Absorption Coefficient of CO^ Gas in Various Solvents 
I — Temperature - 78° C 


Solvents— 

Methyl Alcohol 

Acetone 

Pressure of Gas in mm 

/{' 




of Mercury 




50 

1940 

120 5 

311 0 

196 6 

100 

195 0 

119 6 

322 0 

198 I 

200 

202 9 

120 I 

344 5 

201 5 

400 

221 5 

122 2 

400 0 

208 8 

640 

— 

— 

4870 

215 7 

700 

260 0 

126 8 

,p— 



II — ^Ternperature - 59° C 


Solvents— 

Ethyl Alcohol 

Acetone 

Methyl Acetate 

Pressure of 







Gas m mm 
of Mercury 

A' 

h 


k 

k' 

k 

100 

4085 


97 8 

67 2 

94 3 

753 

200 

41 00 


lor 2 

68 0 

98 45 

771 

400 

4235 


106 6 

69 2 

103 6 

776 

700 

44 15 


118 8 

72 8 

112 9 

79 0 


It will be seen from these tables that Henry’s Law, when expressed 
in terms of the Ostwald coefficient holds over a much wider pressure 
range than when expressed in terms of Up to 200 mm k remains 
constant within the limits of experimental error, and it will be observed, 
that at the same time the magnitude of the coefficient shows that the 
concentration of the dissolved gas becomes very considerable Using 
an empirical formula, Sackur and Stern have calculated with the aid of 
Jthese absorption coefficients the values of the osmotic pressure of the 
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various solutions, and hence the concentration To indicate the order 

- mention that the solubility of CO^ at 

78 C in methyl alcohol in gram-moles per litre, under =:o mm 

SmT!’ .1 r” ”” »n«S. 

It must Ka ^ approx 4 rnolar), and under 700 mm approx 7 molar 

non-volatile 

down at “ aqueous solution the simple gas laws break 

uo to whmh a .W As already mentioned, the limit 

p o which a solution can be regarded as accurately ideal is about 

Relations between the Osmotic Pressure of 
Dilute Solutions and other Properties of such Solutions 

I —The Relation between Osmotic Pressure and Lmertng of Vapour 
Pressure of the Solvent due to the presence of a Solute 

and^Br^rT'tSI^ Chateher 

soWn^ nf *at the vapour pressure (of the 

ki than tltA ^ solution containing a non-volatile solute is 

eLemtnri the same 

va3r niss ‘he solvent alone m equilibrium with its 

i J t^thA^ non-volatile substance in the hquid Accord- 

tin -t^t P^^^'P^® ‘h® system tends to remain in its former state, 1 ^ 

wiU heriX of the solute as far as possible since 

It will thereby be approximating to the state of pure liquid It effects 

this by causing some of the vapour to be con- 
densed, thereby making the vapour more 
mlute, and therefore lowering the vapour pres- 


1 



Vapour 

Po 


Vapour 

P 

Solvent 


Solution 

P 



Solent 

r 

»■ 


Fig 


JL 


To show the connection between the 
lowering of vapour pressure due to the solute, 
and the osmotic pressure of the solution, we 
imagine the following isothermal reversible 
cycle carried out In one vessel there is a 
solvent in contact with its own vapour at pres- 
sure/o (Fig 20) Vapour can be removed by 
means of the piston In a second vessel there 
pressure heina V fK ^ of a non-volatile solute, the osmotic 


same. 


The cvcle rnnQicfc ^^^iipcramre or Doth vessels is the 

from the fet Jiti ^ evaporatmg a certam quantity of solvent 
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three- stage work process, and is given by the term 


r 

JP. 


or 




Supposing thevapour obeys the gas laws, then the work done by the 

system m the transfer of i mole is RT log If the quantity is only 

P 

dx moles, then the work done is — 


dx RT log-^« 

P 

The quantity dx is now in the solution By using the lower piston of 
vessel II one can squeeze out reversibly a volume du of solvent corre- 
sponding to the mass dx^ the work done upon the system being Iddv^ 
where P is the osmotic pressure against which the piston was moved 
For such a small volume change as dv the value of the osmotic pressure 
remains sensibly constant The isolated volume dv is now added with- 
out work of any kind to the first vessel, and the initial condition of 
things IS once more restored Since the process has been carried out 
isothermally and reversibly, the Second Law of Thermodynamics states 
that the sum of all the work terms is zero Reckoning work done by 
the system as positive and work done on the system as negative, the 
Second Law leads to the relation — 


^fojRTlog-^ + (- Pdv) = o 
or ^a:RT log-^" = 'Sd'o 

P 

dx 

Now = density of the liquid solvent = p, where m is the 


molecular weight of the solvent as vapour 

^ p pRT 

which IS the relation required 

In a dilute solution P = RT^, where c is the molar concentration of 
the solution, and therefore — 

log - == — , or log ~ oc c 
P P P 

which IS the accurate form of Raoult’s Law based on thermodynamics 
If the difference between p and p^ is small, one may substitute 

i> 

HI place of log and hence obtain — 

P 


/o 


P 


P _ 

pRT 


^ The term log/J/, m which p can be written thus — 


log 


further the expression log (i + ;r) becomes in the limit (when x is small) simply 
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which IS the approximate relation between P and (/o - f) already de- 
need in Vol I on kinetic grounds Some numeiical illustrations 


II life Lowering of Solubility of one Liquid in another owing to the 
Presence of a Solute in one of the Liquids * 

T^e the case of a system consisting of water and ether, the lower 
layer being a solution of ether in water If one adds to the upper 
ether layer a substance soluble only m ether and not in water, it will be 
tound that the presence of the solute in the upper layer has caused the 
cOTcratration or solubility of the ether in the water layer to decrease 
he behaviour is quite analogous to the lowering of vapour pressure 
^cussed in the previous section, if we imagine the water layer to take 
tne place of the vapour space and the concentration of the ether in the 
water to correspond to the vapour pressure of the solvent in the previous 
^se We can thus directly apply the thermodynamically deduced 


log^o = 

P pRT 

to the present case if we use r for/ and for where j is the solu- 
bihty of the ether in the water layer when the solute is present in the 
ether layer , r, the solubility of the ether in the water layer before the 
solute has been added That is— 


logf? 
s 


Vm 

/)RT 


r-' 

where P is the osmotic pressure of the solute in the ether layer, p the 
nsi y 0 liquid ether and R and T have the usual significance 

III —Relation between the Osmotic Pressure P of the Solute and the rise 
of Boiling Point AT of the Solvent due to the presence of the 
(Non-volatile) Solute 

This relation can be obtained by means of a cycle which differs 

fhrnrh’ « “Ot earned 

fPir?iT Thff '""T Consider the two vessels figured 

T wLw ‘containing the solution (vessel I ) is at temperature 

?ataos^h?e TT pressure is 

n™? iT also boiling, i^ vapour 

than T u ^,^t“o®P^ere and the temperature is Tj Ti is less 

han Ta. We shall denote the difference between them by AT 

reduces to (^„ - ^)M^'FurthCT*^ce*lhe dilute solution the above expression 

hjM’ -P 
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The cycle is as follows — 

(1) Starting with vessel I , let us suppose a quantity dx grams of 
solvent is vaporised from the solution at temperature T2 The heat 
which is taken m from the sunoundings is the latent heat If L is the 
latent heat per gram of solvent, the heat taken in for mass dx is Ydx 
At the same time the reversible work pdv is done by the system 

(2) The quantity dx of vapour is now cooled to Ti, t e through an 
interval AT If k is the specific heat of the vapour, the amount of heat 
given out is a very small quantity kdxblY^ 

(3) The vapour is now condensed in vessel II at Ti, reversibly, the 
work done upon the system being very nearly -■ pdv, so that the work 
terms expressed in (i) and (3) balance one another Heat is given out 
in an amount somewhat less than Ydx 

(4) The quantity dx now in the form of liquid is separated without 
work from the vessel II by sliding a shutter 

across The small mass of liquid is raised 
to the temperature T2 The heat added in 
doing this is k'dxNT^ where E is the specific 
heat of the liquid Although in general k 
and E differ considerably, the heat quantities 
in the two cases (Stages (2) and (4)) are so 
small that they might be neglected, when 
compared to Ydx^ particularly since they are 
opposite in sign 

(5) Finally, at temperature T2, add the 

mass dx (which occupies the volume dN) of 
liquid solvent to the solution reversibly, the 
osmotic work being This is the only 

nett work of the process The cycle is 
now completed For the sake of making 
steps have been described in detail For 



Temperature 

I 





TemperatureTi 

fl. 


Fig 21 

the cycle clear all the 
the puipose of using the 


Second Law expression, dh. = Q’x ’ 


the external work 


done, and Q the heat taken in at the high temperature T, it is only 
necessary to take into account the nett external work done, namely 
VdY m the above cycle, and connect it with the Q which is evidently 
represented by the term Ydx The Second Law expression m the 
present instance becomes therefore — 


Putting — 


-pdV = 


dx 


dY ^ 


where p is the density of the solvent, we obtain — • 

P « LpAT 


VOL II 


9 
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This expression connects the osmotic pressure of the solution with the 
rise of boiling point AT Since the solution is dilute, we can write in 
general — 

P = RTC 

which for temperature Tg becomes P - RTgC, where C is the concen- 
tration of the solute 

Hence C = 

RT^2 

This IS the theoretical basis for the Raoult generalisation. 

^ —The Relation between Osmotic Pressure P and the lowering of 
Freezing Point AT of the Solvent due to the presence of the Solute 

We imagine a cycle very similar to the previous one earned out 
Consider two vessels (Fig 22) I and II Vessel I contains solvent 
(water, say) in equilibrium with ice at the freezing point Tq The vessel 
II contains an aqueous solution which is also in equilibrium with ice at 
* ^ the temperature T lower than To by the 

* i ^naount AT. The osmotic pressure in II 

; IS P 

' Solution Stage — Suppose a very small quantity 

I o dx grams of ice is withdrawn from vessel I at 

I To No work is done in this process, equili- 

j brium being established throughout Now 

Ice I Hce ^^PPOse the ice is melted If L is the latent 

- - j heat of fusion per gram of ice, the quantity 

Tq 1 y. of heat taken in by the system from the sur- 

Vesse/P ‘ Yesse/E Tq is Ldx In this process there 

IS a very small amount of work done upon the 
system owing to the change in volume of dx 
^ ^ fusion This, as will be seen in (3), is 

prac 10a y n^ ralised by a similar work term in the opposite sense at 
temperature T 

2nd Stage -^uppose the mass dx of liquid water at T. occupies 

tr r ^ the speafic heat of 

water, the heat ^ven out (a small quantity) is MxAT The change in 

liquid due to the temperature change may be ne- 
volume dV of water is now, by means of a semiper- 
flt th» rev^ibly and isothermically added to the solution 

at the temperature T The maximum work done by the system is FdV 

cniX ^ quantity dx of water is frozen out of the 

Ss . .A 'I’^'^tity of heat IS given out in a somewhat 

*e fusion process in vessel I The 
expands m the solidification, te does work 

Kdt Sge ““ 

^ isolated without work from 

vessel II , and is raised in temperature to T„ If is the specific heat 
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of ice, the heat absorbed is Jk'd:xAT This is a small quantity, and is 
practically balanced by the opposite term in Stage 2 The quantity dx 
of ice at temperature To is now added without work to vessel I , and 
the cycle is completed Applying the Second Law, we get — 


or 

Putting — • 


dA = 

PdY = 

J-0 


dx 

dV 


= p 


or 


the density of the liquid water, we have the equation — 

p = 

To 

If the solution is dilute, and therefore obeys the Gas Law — 

P = RToC 
_ LpAT 

rt7 

This expression has exactly the same form as that obtained for the 
nse of boiling point It is the thermodynamical basis of the Raoult 
generalisation regarding the concentration of a solution and the lower- 
ing of freezing point 

Note that AT is a positive term in the case of the effect on the 
boiling point, but a negative term in the case of the effect on the freez- 
ing point 


Methods for Determining Molecular Weight of Dissolved 

Substances 


The relations (I -IV ), as well as direct measurements of osmotic 
pressure, can be employed to obtain the molecular weight of a given 
dissolved substance 

Thus, suppose that in a volume V of solvent we dissolve x grams 
of solute If M in grams is the molecular weight of the solute in the 

dissolved state, is the number of gram-moles of solute present in 


volume V The concentration in moles per cubic centimetre is thus 
Now applying the Gas Law to the solution — 


P = RTC 


or 


RP^ ,, RTx 

PV 


The First Method of obtaining the molecular weight of a solute is to 
measure directly, as Pfeffer did, the osmotic pressure P when a mass ^ is 
dissolved in a volume V at temperature T The numerical value to be 
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assigned to R depends on the units used Thus if PV be represented 
in calories, R will be i 98 If, as is more usual, P be measured in 
atmospheres and V in liters (PV in liter- atmospheres), then R has the 
Value o 0821 When P is known, M can be calculated by the above 
relation 

The Second Method is based on the lowering of the vapour pressure 
by the non-volatile solute The formula deduced is — 


where m = 
Substituting 


pRT 

molecular weight of solvent 




p = 


MV 


we have the equation M = log^ 

pV ^ p 

The determination of the molecular weight of solutes by the lower- 
ing of vapour pressure could scarcely be regarded as one of the most 
(^nvenmnt methods until quite recently, A W C Menzies {Zettsch fur 
Fhys Crum , 76 , 231, 1911) has described a very convenient form of 
app^atus in which the lowering of pressure is measured by a column 
of the solution itself, and which allows accurate determinations of 
molecular weights being carried out rapidly The following table is an 
illustration of the accuracy obtainable — 


Solvent WaUY Solute Sodium Chlofide 


Mass of Substance 
in Grams 

Volume of 
Solution in c cs 

(^0 - t>) in mm 
of Solution 

Molecular Weight 
Found 

0351 

0579 

0 488 

38 0 

404 

338 

56 a 

844 

844 

325 

33 3 

33 4 

Solvent Benzene Solute Naphthalene 

03115 

05118 

03237 

05092 

48 I 

49 I 

46 I 

468 

60 I 

105 2 

65 2 

lOX 6 

128 6 

1275 

128 0 

Theoretical 

128 0 


Menzies draws the following comparison between this method and 
the boihng point rise method — 

“The present method is capable of greater accuracy, since for a 
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The Third Method of obtaining the molecular weight of dissolved 
substances is that depending on the lowering of solubility In the 
formula — 

, s Ym 
- pRT 

we substitute the value of P in terms of Rl, MV, and x None of 
these methods has come into such universal use as those depending on 
the rise of boiling point and the lowering of fieezing point due to the 
classic work of Beckmann 

The Fourth Method— Tht lowering of freezing point. Ihe 

LpAT 

expression t — rp 

X 

may be transformed by writing P = RToj^ into — 


M = 


VLpAT 

, ^ RTo^ 

It will be observed that for a given solvent the expression is a 

constant (Raoult’s constant) 

Putting this equal to k, we obtain — 


M 


k 


Van 't Hoff was the first to calculate k on the above thermodynamic 
basis P'or the case of water — 


L = latent heat of fusion = 80 calories per gram , 
R = I 985 calories per degree , 

To = 0° C = 273° abs , 
p = I (approx ) , 


RTo^ 

Lp 


1863° = k 


For the special case in which x is chosen equal to M and V = i c c , 
It is evident that AT = 1863" This is the so-called “Molecular de- 
pression of freezing point ” For i mole dissolved m i liter of water, 
the lowering of freezing point is evidently i 863° C Phis agrees 
excellently with that found by Raoult Note, however, that Raoult’s 
definition of molecular lowering refers to i mole dissolved in i gram of 
solvent, and similarly for the molecular rise of boiling point 

The Fifth Method, depending on the rise of boiling point, is identical 
in principal with the preceding Take as an illustration the case of 
water as solvent — 

L = latent heat of vaporisation per gram = 540 calories, 
p = I (approx), 

R = I 985 , 
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Hence for i mole dissolved mice “ the molecular elevation of 
the boiling point of water” is 514 8® For i mole dissolved m i liter 
of water the rise of boiling point is o 5 148® It should be pointed out 
that the expressions for “molecular depression of freezing point*' and 
molecular elevation of boiling point ** are never realised in practice, 
1 6 they have theoretical significance only The solubility of substances 
would not allow of i mole of substance being dissolved in i c c , and 
even if this could be obtained, the solution would be so extremely 
concentrated that the solute would certainly not obey the gas law, and 
hence it would not be justifiable to write P = RTC 

As r^ards the experimental details of the usual methods of deter- 
inining the molecular weights of dissolved substances by the lowering 
of freezing point or the rise of boiling point, reference may be made 
to any textbook of practical physical chemistry Attention may also be 
drawn to two more unusual methods of carrying out the boiling point 
detMmination The first of these is the dew-point method originated 
ikJ Chem Soc, 95 , 1772, 1909) and modified by 

Mcaain^ This method is described in Chap XI m connection with 
McBain s determination of the molecular weights of solutes in soap 
solution The second method is that introduced by Cottrell ijourn 
Crum Soc , 41 , 721, 1919) and tested thoroughly by Washburn 
\Ftu principle of Cottrell’s method is as follows — 

Whereas the determination of the boiling point of a Jiure liquid is 
an exact and fairly simple operation, the determination of the boiling 
point of a solution as ordinarily carried out is inexact The funda- 
naental difficulty lies in the fact that whilst it is possible in the case 
0 e pure substance to place the thermometer in the vapour and not 
in t e liquid itself and to allow recondensation to give it a thin coating 
ot liquid in temperature equilibrium with the vapour, such procedure 
IS no followed in the case of solutions in the ordinary apparatus , 
instead we have to insert the thermometer in the liquid solution itself, 
^cause of course the vapour over the solution is at a slightly lower 
temperature than the liquid By mserting the thermometer in the 
iquid, however, we expose it to the variable superheating effects which 
always occur in heated liquids The essence of Cottrell’s method is to 
remove the thermometer from the body of the liquid solution and to place 
It above the solution, at the same time causing a thm stream of liquid 
® over the bulb of the thermometer by artificial means, 
the conditions which are known to give satisfactory 
HriTTPr, ^ case of a pure liquid Some of the liquid solution is 

sidl tbrnnlt f opening in the 

side through which the liquid is ejected and trickles back over the 

thermometer, the temperature of which is read in the ordinary way 

of a method of determining the boiling point 

thermometer in the liquid, Cottrell. 

boi^ff nomiT./ superheating occurred the 
K ? ^ 1 ^ solvents usually employed) at a depth of 3 or 4 

ems below the surface would still be approximately o r^” highe? thaj 
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at the surface owing to the pressure of this column of liquid , con- 
sequently no matter how thoroughly the equilibrium between vapoui 
and liquid may be attained the thermometer actually measures a 
roughly averaged temperature throughout the liquid 

A Sixth Method of determining molecular weight, namely, that 
depending upon variation of the solubility of the solute with tem- 
perature, will be referred to later 

Determination of Electrolytic Dissociation and Degree of 
Hydrolysis by Measurements of Freezing Point and Boil- 
ing Point 

Since the methods for determination of molecular weights give m the 
first place the number of individuals present in a solution, it is clear that 
the electrolytic dissociation of an electrolyte in water will be made 
evident by abnormal lowering of freezing point and rise of boiling point 
owing to the extra number of new individuals, ions, produced In fact, 
a binary electrolyte whose degree of dissociation at the given dilution 
IS a will produce the abnormal effect indicated, the magnitude of which 

IS E Similarly, hydrolysis, since it produces new individuals in 

solution, will likewise cause a further abnormal lowering of freezing point 
and rise of boiling point Determinations of electrolytic dissociation 
by these methods have been made by Jahn and Abegg Reference may 
be made to a recent investigation by W A Roth {Zeitsch fur physik 
Chem, 79 , 6io, 1912) on the dissociation of some strong electrolytes, 
caesium nitrate, potassium nitrate, sodium nitrate, and silver nitrate m 
water, by the lowering of freezing point method He found that the 
Ostwald’s Dilution Law was not obeyed by these salts {cf Washburn^ 
Chap V (Vol I )) In general, however, these methods are not suit- 
able for this type of measurement (unless extreme precautions are taken), 
the most generally applicable methods being those already given m 
Vol I , and the electro-metric method, which will be given later 

Illustrations — Problem 72, in Knox’s Physico-Chemical Calculations 
The freezing point of a solution of ^ o 684 gram of cane sugar 
in 100 grams of water is = — o 037^ C , and that of a solution 

of b =3 o 585 gram of sodium chloride in 100 grams of water is 

- o 342° C What is the apparent molecular weight of the salt 
at this concentration, and what is its per cent dissociation ? 

According to Raoult’s Law (]ust proved) — 

- AT = kC when C is expressed in moles , 
if M = molecular weight of sugar in solution, 

and Ml =» molecular weight of sodium chloride in solution, 

^10 

then in the first case the molecular concentration per liter is and 
bio 

in the second case ^ 
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Hence by Raoult’s Law — 


aio 

IT 



ATo 


M, 


342 X o 585 X o 037 ^ 

o 342 X o 684 ^ ^ 


where 342 is the molecular weight of dissolved sugar 

Now if the fraction dissociated per mole of sodium chloride is a, 
then there are (i -> a) undissolved moles and 2a dissolved ions Hence 
total number of individuals in solution is (i + a) If there had been 
no dissociation there would be only one individual in solution, and its 
molecular weight would have been 23-4-355 = 585 Now when a 
given mass in grams is dissolved, its weight is evidently equal to the 
number of individuals x weight of each individual The weight of 
each individual is the apparent weight = 31 65 Hence the mass of 
salt m grams == (i + a) 31 65 

If no dissociation had occurred the same mass of salt in grams 
would « I X 58 5 


585-31 65(1 + a) 
a - o 85 
a — 85 per cent 

^Problem 74, Knoxes JPhystco- Chemical Calculations Ether boils at 
35 ° C under 760 mm pressure On dissolving 128 grams naphthalene 
(M = 128) in 100 grams of ether the rise in boiling point is 2“!*^ 
What is the latent heat of vaporisation of ether 

The molecular weight of naphthalene is 128 Hence the solution is 
12 8 X 10 , 

— — I molar weight normal, or ^ mole in i gram 


of ether, / e i gram mole per 1 000 grams of ether = — = — — 

p 1000 

Van ’t Hoffs expression gives — 

L _ RT2C 
ATp 

— 2 X (273 4- 35)2 X 1 ^ g f calories per gram 

2 I X 1000 ^ of solvent 

It must be remembered that the solutes considered in the five methods 
are volatile 


The Variation of the Equilibrium Constant in Dilutk 
Solution with Temperature 

As we have already shown that the osmotic pressure of dissolved 
substances in dilute solution obeys the gas laws, one can infer that the 
thermodynamic deduction, already given, of the mass law for the gaseous 
state can at once be transferred to the state of solution An analogous 
cycle could be earned out with two ‘‘ equilibiium boxes immersed m 
a reservoir of solvent of infinite size , a series of semi-permeable pistons 
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being required for the transfer of the various substances from one box 
to the other Naturally, when the solution is of such a concentration 
that the gas expression P = RTC no longer holds, the work expression 

RT log - will also be inapplicable, just as the analogous expression, 
RT log"^ for the gaseous state is likewise inapplicable, if the gases do 

11 

not obey the simple law ^ ^ 

Having found in this manner the thermodynamic justification ot 
law of mass action for dissolved substances, we can apply the van t 
Hoff isochore, mz — 

^ log K _ Qv 

where K is the equilibrium constant, and Qt, the heat of the reaction 
taking place in the solution 

As an illustration of the use of the isochore m solution, we may now 
proceed with the Sixth Method of determining molecular weight Con- 
sider a substance not too soluble in a solvent, 2 e one for which a solution 
of maximum concentration, 2 ^ its solubility obeys the jaw^ 
pose that at a given temperature Tj the solubility is ^i, and at another 
temper Uure the solubility is In each case there is 
between the solid phase and the saturated solution If the reaction, 

* e the process of solution, simply involves the transfer of i mole from 
the one phase to the other, we can regard the equilibrium finally reached 

as conditioned by an expression of the form g = Ki, where K is a mass 

law constant C is the concentration of the solid m the solid phase, t e 
in itself, and may therefore be regarded as unity Hence at a given 
T, Z have V, - K. A, another tempenr.nre T, « have 

^2 = Ka Hence instead of the term — ~ 7)'r' ’ 

substitute this m the isochore, viz — 

() log i _ Qt> nr ^ 

"It RTi*’ 5 D/ RT-* 

Integrating between the two temperatures Ti and T.j with the approxi- 
mate assumption that Q» is a constant, we obtain 


log ^2 


log Ji 


Ta) 


If the molecular weight of the dissolved substance is M, and Xi grams 

are dissolved in V c c at Tj, then and at Fa, 

measuring the heat of solution of, say, i gram, and measuring the solu- 
bility in grams per cubic centimeter at the two temperatures, we can 
Xtam M Van’t Hoff, in his Icctuies (Vol II. p 59 ) quotes the 
following 100 parts of water dissolve 2 88 and 422 grams ol succinic 
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acid at 0° and 8 5° respectively Using the differential equation as it 
stands, and putting ^ as small finite changes and A/, we get — 

Q = ^ 6830 calories per mole 

^ Ai 

The observed heat of solution per gram is 55, and therefore the 
molecular weight = := 124, calculated = 118 

The Variation with Pressure of the Equilibrium Constant of 
A Reaction in Dilute Solution 

The equilibrium constant here referred to is that defined either in 
volume concentration terms (gram- molecules per liter) or in terms of 
partial pressures It has already been shown in the case of a gaseotis 
system that the equilibrium constant defined in either of these two ways 
IS independent of external pressure We are not considering at the 
moment the third way of defining the equilibrium constant (Planck’s 
form), in which molecular concentrations or molar fractions are 
employed The latter equilibrium constant, which we have already 
discussed in the case of gases, varies with the external pressure even in 
the gaseous case, and, as Planck has shown, varies likewise in the case 
of a reaction m solution We are concerned at present, however, with 
the ordinary equilibrium constant K defined in terms of volume con- 
centrations The considerations apply equally well to the constant 
defined in terms of partial osmotic pressures 

The equilibrium constant K in the case of solutions can vary with 
the total pressure exerted upon the solution, by means of a piston or by 
an inert gas This behaviour is in contrast with the behaviour of 
gaseous systems The distinction is due to the fact that in gaseous 
systems the total pressure exerted upon the system is necessarily equal 
to the sum of the partial pressures of the constituents, whilst in solutions 
the external pressure is by no means identical with the total osmotic 
pressure (due to the sum of the partial osmotic pressures of the solutes), 
a very large increase in extenial pressure having as a rule a relatively 
small effect upon the volume of the solution, and therefore a very small 
effect upon the osmotic pressure In short, whilst the equilibrium con- 
stant K (expressed in moles per liter) is independent of the total osmotic 
pressure of the constituents of the system, it is not necessarily inde- 
pendent of the external pressure applied to the solution The effect of 
this external pressure upon the value of K has been investigated by 
J Rice (Trans Faradav Soc , 12 , 318 (tqt?)), bv means of a thermo- 
dynamical cycle In the paper referred to, Rice obtained an expression 
for the vanation of K, as defined above, which he showed was not in 
agreement with that obtained by Planck for the corresponding vanation 
of The source of the discrepancy was later pointed out by 

A M Williams [Trans Taraday Soc, (1920)) The following is the 
corrected cycle given by Rice — 
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Consider three substances (A, B, C) which when dissolved in a 
definite solvent are connected by the reaction— 

X mols of A ja mols of B + v mols of C 
fThe restriction to three substances is merely a matter of convenience 
m eVosihon, it involves no loss of generality in the reasoning ) 

Let there be a large quantity of the solvent, on the surface 0 

^Inrius^rnasf of solvent let us have three large reservoirs conUining 
respectively — 

I mols of A at the concentration a mols per liter , 

„ B „ n ^ ” 

71 ,, C „ 5» ^ ” r ^ 4 - 1 ^ 

The sides of the reservoirs are permeable to the solvent, but no e 
dissolved substances three 

Let us also have an equilibrium box containing a mass o j 

substances in solution at the equilibrium f ^^oi^ent 

per liter respectively The box sides are also permeable to the solvent 

ojtoders, »'“Se »d 

X mols of A from its reservoir and convert them into /r m 
1/ mols of C m their respective reservoirs, vta the box In doing th s, 
however we have to rLember that the pressure exerted upon the 
solvent inside any one of the reseivoirs is greater than the pressure P 
upon the solvent surrounding the reservoirs by an amount equal to t 
osmotic messure/ due to the solute in any one of the rese^oirs When 
we remove solute, we likewise remove a certain amount of solvent with 
It and since the solvent is not incompressible, it will expand slightly on 
being withdrawn from a reservoir Similarly on adding, say, a grammolc 
S Ke to a reservoir, the accompanying solvent is compressed and 
m volume These chauges ,u ‘^<=,“£''=,2^' 

Hiffprpnt Stages m the cycle have to be allowed for m the worK: terms, 
addition ^to the oidmary osmotic work terms associated with the 
‘^ntf^re^f foL;.. isociated with ‘be-o^naimc 
nf rsrrvmff out the purely chemical reaction itself Witn tnis ninr as 
to the Ittention which has to be paid to the behaviour of the solvent, we 
may now take up the various stages of the cycle systematically 

oTdi to mintain the concentrations in the reservoirs at «, 5, and 
r respective y w? must decrease the volume of the first reservoir so as 
t^SSTomiAla liters of solvent and inciease the volumes of the 
mraintrtwo re/ervoirs so as to admit to them and v/r liters of 

“X'SS'of volume ,h.ch hae fteu place 
owing to these occurrences is the sum of two parts (i) That Pur^ 
rS demicul veacuou Thus m ”*d.uv,mg cue moW A f.om 
the solution ot A lu the Stst teseivmr ” dooeuse &e volum<.^d|^t^^ 

first reservoir by a definite amount where a. q nnorf 

?A zTtSe space occupied by the mole of solute A considered apart 
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from the solvent Hence in withdiawmg X moles we decrease the 
volume by the solution being assumed to be dilute Similarly we 
increase the volumes of the other reservoirs by and vt-,, giving an 
increase in the whole system due to this of c? & g 

Guzib + Wc - kv^) liters 

(2) In addition to (i) we have to consider any change in volume of the 
whole system produced by the expulsion of solvent from a reservoir or 
admission of it to a reservoir This would involve no change if the 
solvent were under the sa^me hydrostatic pressure inside a reservoir as 
in the general mass outside But this is not so. Outside, the pressure 
on the solvent is P, inside the first reservoir it is under the pressure P 
plus the osmotic pressure/, of the solute which we maintain constant 
by the device of expulsi^ of X/a moles of solvent when withdrawing 
X moles of the solute Hence, if c is the compressibility of the solvent, 
the X/a moles of solvent in escaping from a place where the pressure 
Z ^ h ^ *e pressure is P. will increase in volume 

by /, e ^ by RT X € since /,/a = rt Similarly, in ad- 
mitting ^jl> and v/c moles of solvent to the other reservoirs there will 
be a decrmse in voluine of RT(/i + y). Hence, if we are to keep 
he concentrations in the reservoirs unchanged we must in addition to 
(i) have a change of the volume of the whole system, which is a de- 
crease of amount 

RT(/a 4- V - X)€ 

In consequence, therefore, not only of the reaction but also of the 
preservation of the concentrations in the reservoirs we can say that 

V2 - Vi = ^03 + vwc - X», - RT(/i, + V - X)e (x) 

where Vj is the volume of the whole 'system at the beginning of the 
reaction and Vj is the total volume at the end 

During the reaction occurring at constant external pressure P on 
the ^stem as a whole the external work will be the sum of two terms 
{a) the work of the osmotic pressures during the passage of the sub- 
stances from the reservoirs into and out of the box, viz — 

RT log K - RT log (2) 

[In order that this expression may be correct we must maintain the 
concentrations in the reservoirs unchanged Hence arises the necessity 
of e^elling and admitting solvent as indicated above ] 

( 3 ) As there is an increase in volume, of the whole system 

tntv a ^ external pressure P, there will be in addition to (a) 

work done by the system of amount ^ ^ 

P(V2 - Vj) 

Up to this point we have been dealing with the first step of the cycle 
ciirf^JL f we ff-adually change the pressure on the solvent 

from V v'^ change the volume of the system 

om Vj to Vg This will not involve a change in the concentrabons 



VARIATION OF EQUILIBRIUM CONSTANT 141 

a b c for although more solvent will be compressed into the reservoirs 
fhlgh .h, Ues'ye. the masses ; - X, » + ^ 

unchaneed and so volujne concentrations will not alter It b 
o”herwi!e forSe box, for though compression of more solvent into the 
box will not alter the total mass of the dissolved substances > 

vet It may affect the partial masses of each substance and vary t 
SutoS concentratLs to a , P', y, and the constant to K . 

In this step the work of the system is — 


{Vs 


( 4 ) 


where p is any value of the pressure between the values P and P .and 
0, the corresponding total volume of the i - X. mols of A, m + ® 

of B, « + V mols of C, the solution in the box, and the mass of solvent 

outside reservoirs and box, all at pressure/ t,.on=form 

In the third step, while maintaining the pressure at P , we 
„ mols of B and v mols of C into X mols of A, ma the box T^his will 
involve a change of volume from V's to V\, and the system will do wor 
which IS the sum of two terms, as in the first step, viz 

RT log (i/K') - RT log {a^lbf^iF) + P'(V'i - V's) 
or RT log - RT log K' - P'CV'g - V'l) . (5) 

In the fourth step we gradually change the pressure back to P a^ 
the volume back to Vi , the work of the system dunng this change is 

(6) 


\\dvi 


where as before, / is a pressure between P and P', arid®i is the total 
volume of sX^/ mols of A. ^ mols of B, « mols of C, and a mass 
of solution at equilibrium concentrations corresponding to pressur 
P [It IS necessary to note that is not equal to ^ it_is not the 
ime function of / as , thus when/ = P. ©i = ^i and v^-^n. 

when / = P', »! = T^'i, and Wa = V 2 ] re<!ult 

Summing up the various work terms given in (2) to (6), the result 

must be zero. Hence — 

RT(log K log K') 

+ P(V2 - VO ^ P'(V'2 - V'O 


[%dv, - 


By a partial integration — 

= P'V'x 

Jv, 


PV, 


Jv„ 


P'V'o ~ PV5 


rp» 

- Vidp 
Jij 

fp' 

- \v^dp 


and 
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Hence the above equation becomes, after cancellation of certain 
terms — 


RT(log K - log K') = 1 ^ = j {vi - vi)dp (7) 


Had we carried out the operations described between the pressures 
P + SP and P', we should have had 


RT[log(K + SK) - log K'] - 

f p + fip fp 

(®1 - = J^( 0 i - V 2 )dj> + (Vi - V2) 8P (8) 

where K. + 8K is the constant for pressure P + SP Therefore sub- 
tracting (7) from (8) we have — 

E.T[log(K + 8K) - log K] = (Vj - V2)8P, 
or proceeding to the limit — 


^logK _ Vi - V2 
di? RT 


( 9 ) 


This IS the expression required 

This result is sometimes stated in terms of an equilibrium constant 
defined by means of concentrations which are pure ratios, vtz the 
quotient of the number of moles of a dissolved substance by the total 
number of moles present, solvent moles iitcluded This is the constant 
used by Planck {Thermodynamics, English Trans, Chap V) In 
deducing equation (9) above, the K is expressed in concentration terms 
which are moles per liter We have denoted the latter concentrations 
by a, p, X above Let us denote concentrations in Planck's sense by 
x,y, z, let us also denote Planck’s K by Kpianck or Kpi 

Then K = 

and Kp; = yi^z^jx^ 

If there are «o moles of solvent, and moles of A, «2 moles of B, 
and moles of C ( in the equilibrium box, which has a volume V 
(say), then — 



X 


«1 





«0 + «1 

+ ^2 + 

«3 

N 



N’^~ 

ns 

N’ 



while 

a 

= ^,j8 = 
Y> H 

II 

ns 

V 



• K 

= Kp/(N/V)^+*'“^ 



Hence 

logK 

= log Kpi 

- (m + 

V - 

- X) log V, 

where 


V 

= V/N 


and 

d log K 
^P 

_<flogKp, _ 
d2 

V - 

- \)ld!L 

^ V d? 


VARIA TIO N OF EQ UILIBRJUM CONSTANT 1 43 


Or 


log K ^ d log Kp; ^ y _ x)€, 

~W iP 


since the compressibility e = - - 


dv 
V dP 


Hence 


^log Kpi 

dP 


V, - V, 
RT 


(/x + V - x)e 


Hence 


But by equation (i)— 

Vg - Vj = fxVB + Wc - - RT(fx + V - X)e 

d log Kpi _ \va - - ygc 

RT 

diminution in volume due to reaction alone 

= gTJ 

The expression which we wish to test experimentally is 
if log K _ Vi - Vz 
~~dP RT 

This mav be illustrated by some experiments of Fanjung 
L LTLr a 67^ i8q4h who by means of conductivity measure- 
ments determined the’dissociation constants (the Ostwald constant) for 
TsSies 5 weak acids in aqueous solutions at various pi essures I 

annears to be a general conclusion that the process of ionisation 
acrompanied by a contraction, or decrease in volume ^ 

Le Chateher.Bkun principle (embodied quantitatively in the above 
exnression) predicts that on increasing the pressure the degree of d 
SSion should also, that is the dissociation constan should 

ncr^Le” Slung found this to be the case The term V, - V in this 
case represents the contraction due to the transfer of i ® ™ g 

the unionised to the ionised state For acetic acid at i C lb 

found that 

logioKi “ S *S4 

at I atmosphere pressure, and at 260 atmospheres 

logioRs = 5 30s 

Using the differential equation as it stands — 

/ D log, K \ 

V ¥ /* 

/logioK-s — logioKi^ 

may be wntten 2 3021 


259 / 

so that the contraction per mole 

- 00821 X 29 1 X 2 302(0 305 • 

“ - ^ 


o 254) 


*= - o 0108. 
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Since the pressure has been expressed in atmospheres and E. m liter- 
atmospheres (o 0821), the contraction is expressed in liters Hence the 
contraction in c c per mole is 10 8 c c In the following table Fan- 
jung^s calculated values for various acids are compared with values 
observed by Ostwald (from measurements of the volume change on 
neutralisation of the acid with a strong base) 


Acid 

Contraction 

Observed 

Contraction 

Calculated 


c c 

c c 

Formic 

77 

87 

Acetic 

10 5 

10 8 

Propionic 

12 2 

12 4 

Butyric 

13 I 

13 4 

Iso butyric 

13 8 

13 3 

Lactic 

II 8 

12 I 

Succimc 

II 8 

II 2 

Maleic 

II 4 

10 3 


The agreement is satisfactory 




CHAPTER VII 


Chemical 


equilibrium in homogeneous systems — Dilute solutions 
Outlines of the electrochemistry of dilute solutions 


[continued)’-^ 


Electrochemistry of Dilute Solutions^ 

Nernsts Theory of the “ Solution Pressure ” of an Electrode. 

If an electrode of silver be placed in a solution of silver mtrate there 
will be an electrical potential difference (represented by P D ) be 
the electrode and the solution When an electrode is 
a solution containing ions of the same metal as the electrode it , 
Srode is said to be reversible A cell fitted with a reversible elec- 
trode IS said to be a reversible cell The simplest type of reversible 
cell is that denoted by the term “concentration cell ’ An example of 
this may be represented by the arrangement — 


Silver 

electrode 


N 

10 


AgNOa 


N 

- ~ - AgNOs 

lOO 


Silver 

electrode 


Such a combination yields quite an appreciable emf, the electrode 
in contact with the decinormal solution being m this 
pole, i e current flows mstde the cell from right to left Jhe nett e m 
of this cell depends on the three single P D s, namely, the P D , A^l 

AgNOs^ , P D , AgNOs^ 1 AgNO.A , and P D , Ag j AgNO,— 

The P D where the liquids meet (known as the liquid 1 hquid ^ ^ 
contact P D ) is in such a case very small compared with either ot m 
P D ’s at the electrodes The mechanism of the production of these 

really 

German edition), Lehfeldt’s EUctrodiemistry (in this °f ^^00! l^of spec^^^ 

vni. II. 
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potential differences has been explained in an extremely clear manner 
by Nernst, and as they are essentially dependent upon the osmotic 
pressure of the 10ns, it is only proper to consider them in dealing with 
dilute solutions from the thermodynamic standpoint Consider the 
case of a metal like silver m contact with an aqueous solution of silver 
nitrate, / e Ag+ 10ns According to Nernst [Zeit phystk Chem , 2 , 613 , 
4, 129, 1889), all metals possess a property which he calls solution 
pressure or solution tension In virtue of this property the metal tends 
to drive 10ns (positively charged) from itself into the surrounding solu- 
tion If the solution happen to contain these 10ns already (say silver 
lons^ in the case considered), then in virtue of their osmotic pressure, 
they will tend to dnve themselves on to the surface of the metal The 
osmotic pressure of the 10ns in solution opposes therefore the solution 
pressure of the metal itself If these two effects just balance, there 
will be no transfer of ions at all, that is no transfer of electncity, and 
consequently there will be no P D between the electrode and the solu- 
tion But this would only be an exceptional and particular case In 
general the two effects do not neutralise one another In the case of 
zinc, for example, in contact with a zinc salt solution, the solution 
pressure of this metal is so great that Zn'^'*’ ions always leave the elec- 
trode and pass into the solution This process would appear at first 
sight to be capable of going on ad infimium^ but as a matter of fact 
only an exceedingly small mass of the metal is thus transferred (a quite 
unweighable amount), for as the positive 10ns pass from the metal into 
the solution, they leave the metal negatively charged, and this makes 
the further expulsion of positive 10ns more difficult owing to the electro- 
static attraction of the negatively charged metal for the positively 
charged 10ns An equilibnum state is thus instantaneously reached 
when the solution pressure of the zinc is just balanced by the osmotic 
pressure of the 10ns originally present in the solution, and by the 
electrostatic field set up between the metal and the layer of positive 
ions dnven out by the metal In such a case there is a P D between 
the metal and the layer of 10ns, that is, we say that there is a P D at 
the electrode, and since the metal, in this case zinc, is negatively charged 
compared to the layer, we say that the zinc electrode is negative com- 
pared to the solution In the case of silver the solution pressure has 
been shown (cf later) to be so small that the osmotic pressure of the 

silver ions (say of a —AgNOa solution) easily overcomes it, and de- 


posits positive ions on the electrode, an electrostatic field being set up 
between the metal and the solution, but in this case the electrode is 
positively charged with respect to the solution, t e there is a fall of 
potential in going from the electrode to the solution Suppose that, m 
the case of silver dipping mto a solution of silver nitrate, the steady 
state IS reached (this is done mstantaneously),i the P D being tt (volts), 


^ In the case of silver nitrate (cited) it is true that the steady P D characteristic 
ot the electrode is reached practicaUy instantaneously In many other cases, how- 
ever, some time must be allowed for the steady value to be attained According 
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the solution pressure of the metal being denoted by P, and the osmotic 
pressure of the solution by/, * « the osmotic pressure of the positive 
ions in the solution Then we can imagine a small virtual change in 
the system, namely, the transfer of Bx gram 10ns of the ^ 

quantity of electricity SF faradays) from the electrode to the solut o 
Since the system is m equilibrium the work at constant volume is zero 
The electrical work is obviously irSF There is likewise work ana 
to a three-stage distillation or osmotic work term, also involved in 
bringing the 8 ^ gram 10ns from the solution pressure P to the osmotic 
pressure p This work by analogy is — 

P 

8 :x:RTlog - 

By the principle of virtual work we can write — 

w 8 F -f 8 a:RT log, | = o, 

I 


or 


ttSF 


SaiRT log, j 

P 


but ^ = quantity of electricity associated with i gram ion of the metal 

= «F, when n is the valency of the ion (the numbei of positive charges 
carried), and F is the faraday, t e 96,500 coulombs Hence we can 
write — ' 

_ log„ _ ^ logio^ 


«F 

2 303 RT 




logio 


P 


where 2 303 is the factor foi the reduction of log, to logw 

Note on Virtual Work— It is essential to be clear as 
virtual work term in the correct application of the 
to be able to visualise as far as possible the mechanism of the process 
r^ust be reckoned as essentially ionU^c if the force (which does the work) ^s^sis 
tTe Ution ofThe mass moved, of i s in the same direction as the motion When 

to Newbery a strip of sheet copper cleaned and cut into wiU 

these pieces are connected to a micro-ammeter and "“f^hor* 

trraduallv decreasmff current for two or three days This procedure oi snort 
circuitinv the two fapparently identical) electrodes is always resorted to before 
setunv fn TcoTcenSn cell (q v ) in order that the metals may be as far as 
Dossible in the same state Some process occurs in the surface layer which may 
possibly be a kind of surface crystallisation of the metal or 

m fhe iirface as a result of slight electrolysis In the case of the calornel electroae 
(refLed to later in the text) ft least tern minutes must a* 

‘‘settles down” to its final value The mechanism of such time ettects at 

electrodes is obscure m spite of the considerable j^etaTs^ 

out upon the allied problems of ‘‘ passivity ” and overvoltage of different metals 
iFor another method of reducing this relation, see Nernsts Theorehcal 
Chemistry, English translation of the 6th German edition, p 757 
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Ihe S' “ undergoing 

thus the work tenn°is to be reckon^^'afS*^'?*'^* regarding sign may be restated 
acute angle with one another tLevnlfL ^ positive if the force and motion make an 
the case of a Sver ST Thus taking 

units of positive electricity from electrn/lp^tn^^ motion of 5F 

to be negatively charffed^comnarf»fl frt fu Since the solution is known 

motion of theXSLTK electrode the electric force assists the 
positive term [Had the electncitv potential difference irSF is a 

write -ttSF] Further the solutinn it would have been necessary to 

the direction considered Its 

the Ag ions opposes the motion and positive The osmotic pressure of 

a minus sign If these two forces therefore to be given 

pression), the term P must be in the nnr^ one work eiyression (a logarithmic ex- 

irdF + dx RT log ? = o 

To obtain ^ m volts it is necessary that g' should likewise be ex- 

“nity of energy must be the 

8 3; Fo?a teLpemle of^'8~?LpmTslo^^^ 

2 303R T o 058 

«F 


so that 


at 25“ C 


V volts 18° C = 
w volts 25“ C 


n 

- °°58 P 
= — logio- 

^logio^ 


n«n«°/h monovalent metals n is unity Instead of 

terni c\K reL^^vef one may also substitute concentration 

I^T , C RT c RT 

«F 7 ^ c "TF constant 

presliie ^ '^elation to the solution 

roTfT«^ concentration of the metallic ions m solution! bears 

to / (the osmotic pressure of the ions m solution) It isTfficilt m 

mcH^P ^1°^ ^ pl*ysical signific- 

been subiected to a Aeoretical expression of this nature has 

(PM/ i m « of criticism Thus Lehfeldt 

donp at- lAflci- ^ calculated for metals (as of course can be 

flecteodeifor Sn^Sum S thT of the e m f at the 

mfinfteS^mSl S^oaTio the 
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P for zinc = 9 9 X 10^® atmospheres 

„ nickel = I 3 X lo^ ,i 

„ palladium = i 5 x lo „ 

Lehfeldt says “There are certain obvious difficulties in the way of 
accenting these numbers as representing a physical reality i he r 
S them IS startlingly large , that, however, may not he a true difficul y 
The third is so small as to involve the rejection of the entire molecidar 
theory of fluids If it is true that fluids consist of molecules with a 
diameter of the order of magnitude of io‘® cm , then the P^duction o 
a pressure so low is impossible, for pressure is a statistical effect due 
to^the impact of numerous molecules Kruger {Zeit phynk CMm 3 | 
18 iQoo) replies to Lehfeldt’s criticism, pointing out that the P or O 
term is really an integration constant (this, however, does not get us 
any nearer the point regarding the physical significance of P or O, it 
indeed there is any physical significance to be attached at all) this 
connection reference should also be made to an earlier paper by Luther 
{Zezt phystk Chem , 19 . 1896) For a further discussion of this point, 
the reader must consult a textbook of Electrochemistry It may only 
be pointed out here, that the vagueness respecting the term P involves 
a corresponding vagueness regarding the “three-stage thermodynatnic 

distillation process,” the work of which we have denoted by RT log - 


The general conclusion which has been come to, however, is that 
the Neinst method of treatment of e m f in cells represents a great 
advance in our knowledge of this important phenomenon One or two 
simple cases of the application of the osmotic theory will now be given 


Concentration Cells {^‘Concentration Cells with TiansRort") 

A concentration cell consists essentially of two similar electrodes 
dipping into solutions of the same salt, the solutions being at different 
concentrations of the salt, c^ and ^2,® at the two electrodes, both solutions 
being either in direct contact or separated by a conducting substance 
of some kind The source of e m f is to be found m the tendency of 
the two solutions to equalise their concentrations The apparatus used 
IS represented in diagrammatic form (Fig 23) for the case of silver 
electrodes m a water solution of silver nitrate This can be more con- 
veniently expressed as — 

Ag AgNOs AgNOs Ag 
h f2 

- 

Cl H 

This particular type of cell is known as a concentration cell of the First 

1 An attempt to visualise what is meant by solution pressure has recently been 
made by Smits, Proc K Akad Wetensch , Amsterdam, l8, 1485 (1910) 

2 More strictly, and refer to concentration of the same ton 
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Type We may neglect the liquid | liquid P D between the solutions 
This can be accomplished m practice by the interposition of saturated 
ammonium nitrate solution or saturated KCl at the junction of the two 
liquids This is supposed to have the pioperty of nullifying liquid 
potential differences By means of the NH4NO3 device, Abegg and 
Gumming (2^// fur Electrochemte,\Z, 18, 1907) have determined the 
e m f of the above cell for several concentrations of silver nitrate 
Experiment shows that the electrode in is the positive pole of the cell 
when^Tg IS greater than Ci The nett e m f E of the cell is the difference 


of the two single electrode e m f 's <?3 and ei 

Diagrammatically it may be represented as in Fig 24 The system in 
equilibrium is now supposed to undergo a small virtual change, in which 
SF faradays of positive electricity are transported from left to right 

/liWnsir To Potentiomettr 'mrm 



A^NOs ! 

Concent C| other eiecrrolyte such Concent'' C? j IcA ' 

as saturated NH^NOj ^ ( | 1 / 

23 Fig 24 

The electrical work is E8F, and since the electric force opposes the direc- 
lon of motion (the electricity being of the positive kind), we must place 
a minus sign before the electrical work term in applying the principle of 
virtual work Along with this electrical work some osmotic work is 
done Since the solution pressure P of the &>hand electrode assists 
the motion of the positive electricity when being moved from left to 
ngbt, ^d the osmotic pressure (corresponding to the concentratior 
ot Ag ) opposes the motion, the osmotic work term will take the 

form + SarRT log^ or SajRT log where Sx stands as before for the 

10ns of Ag+ which carry the charge 8F Similarly, the 
work of transferring gram ions of Ag+ from solution to the right- 


hand electrode will be -h 8*RT log ^ or -P S^RT log g, since in this 

case the osmotic pressure assists the motion of the lx gram ions from 
solution to electrode whilst the solution pressure P opposes In such 
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toganthmic expressions the quantity m the denominator really has a 
m nus sign before, since log ^ is identical with log - log y, thereby 

indicating that in the virtual work process the term “ ^ ” assists the 
mo Sn while “j” opposes it Now applying the criterion of virtual 
work, that the algebraic sum of all the work terms may be equated 
to zero, we obtain — 

- E8F + &»RT log ? + 8a:RT log g = o 


or since 


It follows that 


or 


8je; 

hx 


= nF 


where n is the valency, 

„ RT, C. Rl\_f2 


E 


nF ® £1 


A verification of this expression would involve a 

single portions comprising it, t e a verification of the *7^ 

tion— first deduced by Nernst— which exists between the concentration 

terms and the e m f , , r n „ , 11 -^ 

Abegg and Gumming {U) obtained the following lesults — 


Concentration of 

AgNOs 

Ratio of the Ionic 
Concentration cg/ci 

^iog5s 

n Cl 

Observed Voltage 


9 0 

0 0563 volts 

0*0556 

XO 100 




iL Ji- 

96 

0 0580 „ 

0 0579 

100 1000 





It is usual to regard the faraday as itself the unit of electricity, and 
hence f = i , so that we can write 

RT* 

E=~log 

Calcula£ton of the Liquid j Liquid Potential in Concentration Cells 

In the foregoing we have neglected the P D at the junction of the 
two liauids t e where the two solutions meet, or we have employ^ a 
device which automatically reduces it to negligible 

we do not employ the ammonium nitrate, or some such solution to 
annul the P D , there are certain cases in which it is inaccurate to 
tipp-ltct It e^ in the case of normal alkali ] normal acid Before 
sbLing how^such a P D may be calculated we shall take a simpler 




.1 si:sm,u (»/' /v/JA/i f/ t m u/s/a t 


case, tutnriy, n iiwd«- up oI tin '»uit< , il-n-- {At \’(j \ 

but at dilFeie-nt . jii.i .< lu l),i . •}„ njttniKctiil 

of Abeggaml rummiiig .iliiwU ■pioi.il, • v<j.i ili,u « iiukf „„ 

attempt to ituruii t!«* Iiijuul poittiiiu |,i,i ,, 

may lie rnlriilaU-tl wlum u-ium .1*1 1 li u. b. m* .<■*. u It m, hiv.- twi, 

silver nitrate •.oluti.m. »l *!iti*i. m .1 np wuh .jhrr 

electrode^ then are tmi w-ivi in «hi«b i'.u Mhuo.ii aiH ImxI j., , ,u|,| 

ise themvlvi”.. ( *ii.l . t.ii.l i . n. j >1 

from thcpliue of higli niMitun Hsi.t.itiw iiMim*! 

diffusitw prwf.sa(tu'.. ibr Immi.lijv ll ib. * e .bmi.m 
the cxms of Hwirinlv, «)f ib* m},i) * am. d }.> in. i, m i,,,, 

transfmcd amn... the bound tiv. ’<• i bat it,« in..n 
on the sign of the fiviter innvnig ntn An f’fi ..i jr 

layer” is wbo-.*. *•!* tui< f.m r Im .IK • b. - k- 1 o0», r .biio „f 

the faster ion, and lu* elfran-. ibe inoiion ..t ih.- Imii.'i (mo m i)„ 
same diittction, so tfwit eventtialh ImuIi i«.n..b«ii . .11 ib. .aiti< mhi,! 
and them is no further sejanalion i<l rbunuiv l. i ihu •.lenU 
state be readied with PI», *» e, at the imeif..., (I lu. ',i4te * u. 4, h,,! 
prncucaliy instant.»te<*us!y,) Now (ij m t«lditi."i* m thi. iwiuul 

diffusion proe*.%», whereby the two s.Jm.on, w.iiifd (wgi ofn.i v br..iu.hi 
to the same romentraticm, there m anoilwr m.iborf .iiMinmu tin 
same end, if the two solutions form part ..f .1 *r.!l, tu I m ^ 1, !i.niiu» 
two dwtrodes immerwd in thimi, ami ih. dr.uod. . ...nn'Mt.d . 
naiiy so as to allow eiirrent to pa's-.. VVV « an inwg.ne nm (* a . nu, m 
Ijassing, with the result that mlv-r *li-..Ke'i *»li on. r).. (*<«}.• ind e. 
deposited on the other. Silver di-Milv, •. „fi the , b . it, ,U nomer ^.l m 
the wuakti: solution, the silver **l rourw *b A«tivmy, in tfi. t«i«u 
while at the same time an e.pnv.ilent mmdM t ..l ib, ..ihu i.,n.. m th« 
stroMer solution have dejawited them*,. Kv. on ih, , 1,., unm. t.r,| 
m the strmger solution. The NO', mn-. hate .u . -mte ii..o llr.l m ihe 

**‘'«*« *'• *«»'•« fion in wbiih the |s.sHoe n.n, 

,1 o'nf ■‘Unewb.il w.al*. 1 (.hie 

*!*' "I NO, 10.,,. out of ihn 

«R «< “Jlwr from therle. ir.ule mio tlm ...ijntK*,,, 

f e.m.f. of the eel! falls t.. /eio In J tml niea .ur* 

yy potetitlwneter, pt a. in ally m. Mironi ts 

t “'.""l "',““1 IT' 

aArr.u‘'*?rT“‘- 

We \ f ^ f *•«’ of Ih.- two wdutions e. e, 

eh«n»» proceed to ealeulate this .{uantitve, bv ntMeinint* a viritul 
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of current 8F faradays through the cell from the weaker concentration 
to the stronger This is carried across the boundary by silver going 
from the weak to the strong solution, and simultaneously by NO 3 10ns 
going from the strong solution to the weaker This passage of electricity 
by means of electrolysis causes electric virtual work at the junction, 

namely, (volt faradays) i- 

In the case of silver nitrate solutions experiment has shown that tne 
mobility of the amon, which is directly proportional to its velocity v, is 
greater than the mobility of the cation, which is proportional to u 
Hence since the dilute solution by the “natural diffusion process 
across the liquid | liquid boundary takes on the electrical sign of the 
faster moving ion, it follows that the more dilute solution of AgNOg (^1) 
IS negatively charged compared to the more concentrated solution (^2) , 
that js, there is a rise of potential in passing from to which can be 
represented diagramatically thus — 




In the case of two solutions of HQ, however, the nse of potential is in 
the opposite direction, since the cation (H*) travels much more quickly 

than the anion (Cl') , r . i . 

To return to the electrical work term <^2^^ (in the case of two silver 
nitrate solutions in contact) From the standpoint of virtual work this 
expression must be written with a minus sign, viz - since the 

electric force opposes the direction of motion oi positive electricity when 
the electricity is considered as passing from the weak to the strong 
solution (Just the reverse statement is true in the case of two HCl 
solutions) Now we have to consider the osmotic work terms simul- 
taneously involved in the transfer of 8F faradays of positive electricity 
The fraction of the total charge 8F carried by the positive 10ns is 

^ — ^ in one direction, namely, from weaker solution (^i) to strong 
V J 

(cX where u is the velocity of the positive ions, and v the velocity of 
the negative ions in cms per sec under a given potential ^adient 

“ being numerically equal to the transport number , w of 


( 


,u + 
the cation) 


U + V 

If the valency of the positive ion is n then i gram ion 

carries ^ faradays. but 8F (^^) faradays have been transported by 

the positive 10ns, and hence this has involved the transfer of 

positive gram 10ns (Ag+) Similarly, if the anion has 
n\u + vj ^ 

the same valeney ’^ there must be negative 10ns taking 

part in the process, the direction of motion of the negative 10ns being 
from the strong solution 02 to the weaker Ci If pi be the osmotic 
pressure of the solution (the weaker solution),^ and/2 ne the osmotic 
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pressure of (the more concentrated solution), then the osmotic work 
of transferring f cations from/j to p, is— 


8 F 


n u 


RT log-^ 


JTZ 

Note that since assists and p^ opposes the motion of the ions (from 
H ro ^21, the/i term appears as an essentially positive term, ie in the 
appears with a negative sign, t e in the denominator 
ogarithmic expression Similarly, the osmotic work required to 

transfer anions from/2 to A (/ e in the opposite direction) 

IS — 


SF 


V 


RT 


log I? 
Pi 


n u V 

The total algebraic sum of all the work terms — since the process con- 
sidered is virtual work — may be equated to zero That is — 

log|l’+ ~ RT log-^ = 


- e^SF + 


o, 


or 


or 


<?2 = 


^2 = 


!l-Z^Hiog-^ = £j:L^HiogA 

u + zf n u ^ V n ^ 


« + »« U + V 


RT , 

^ -• 
n 


This expression gives the P D at the liquid | liquid interface in terms 
ot the osmotic pressures or concentrations of the 10ns, and the absolute 
lyte)^^^^^^ mobilities of the 10ns (in the case of a binary electro- 

Expresston for the Total EMF of a Concentration Cell {^^wifh 
Transport ”) 

Again consider the silver nitrate concentration cell in which Cg >^i 
The positive pole of the cell is the electrode in contact with the solu- 
tion ^2 That is, current tends to flow inside the cell m the direction 
indicated, since the purpose of the flow of current is to equalise the 
concentrations q and and this is evidently effected by silver dis- 
solving off at the left-hand electrode and depositing on the right 
Suppose the single P D ’s as indicated are and (?3, the total e ra f 
being E — 


- pole 


Metal 

silver 


+ pole 


Weaker 

concentration Ci 
Osmotic 

pressure A 


Stronger 
concentration 
Osmotic 
pressure A 


Metal 

silver 


^2 


Direction of current inside the cell 


^3 
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Representing the single P D ’s graphicaUy, it will be seen that the 
following relation holds — 


Ag 


e{I 


fe) 


(*^1) 1 

(«) {V) w 

The net e m f observed E = - ci 

Consider the following virtual change of the system Let a current of 8 F 
faradays flow through the cell from left to right The nett electrical 
work done is - E 8 F, the negative sign denoting that the direction ot 
motion IS exposed by the force Adding this to the three separate 
osmotic work expressions corresponding to the three points (a), { 6 ), ana 
(f), and equating to zero, we obtain — 

- E»F + RT log £ + ? “^RT logf F ^ RT log^^ = 


or 


E = 


’A 

RT , P 

n Pi 

RT , i>2 , 

— log-^ + 

« A 

n 
2V 


u V 
2V 


’/iV 

RT 

n 


n 


tl • 



■h V 

u 


V 

RT 

u 

+ 

V 

n 

u 

- 

V 

RT , 

u 

T 

V 

n 


u 

- 



p-\ R.X , 


u + 




RT , iTs 

log - 

u V n Cl 

Note that if the P D es had acted in the opposite sense, the final ex- 
pression for E would have been— 

2 U 


RT , ^2 

log - 

u V n Cl 


The expression 


IS numerically identical with 


U + V 


the 

^ ^ U + V 

transport number of the anion (NO3) The following table gives the 
numerical values of the transport^^ numbers of a few anions in the corre- 
sponding salts Temperature 18° C 
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Salt 


Potassium chloride 
„ bromide 

„ iodide 

Ammonium chloride 
Sodium bromide 
„ chloride 
Lithium „ 
Potassium nitrate 
Silver nitxate 
Potassium hydroxide 
Hydrochloric acid 


Concentration of Salt in Equivalents per Liter 


I 0 01 

0 02 

005 

0 I 

0 2 

05 

Transport Number of the Anions 

0 503 

0503 

0503 


— 

— 

0 604 

0 604 

0 604 

— 





0 670 

0 670 

0 680 

0 687 

0 697 



— 

— 

— 

0497 

0 496 

0 492 

0 528 

0 528 

0 528 

0 528 

0527 

0519 


— 

— 

0735 

0 736 

0 738 

0 174 

0 174 

0 174 





It will be observed from the above table of values (experimentally 
determmed by Hittorfs or other method) that in the case of a good 
many salts the transport number of the anion is in the region of o 5 
That is, the mobilities of these 10ns (namely, U and V) are nearly the 
san^ This is the case, for example, with silver nitrate, in which 

UTV ° 528 Hence ^ is i 056 or nearly unity Hence, in 

the case of this salt, we might as a close approximation write the e m f 
of the cell, namely E, as — 

E = ^logS 

This IS the same thing as neglecting altogether the liquid I liquid P D for 
the above expression is simply the e m f of the two electrodes In the 
case of alkalies and acids, however, the value of the transport number 
of the anion is for removed from o 5 (thus in the case of potassium 

hydroxide the OH' is o 735, and in hydrochloric acid 

the value of^-^ ^ for Cl' is only o 174), so that the factor 
^ great effect indeed upon the total e m f of the cell in these 


Hg 


o oiN potassium 
chloride, saturated 
with HgjCla 


o loN potassium 
chlonde, saturated 
with HgsCls 


Hg 
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The liquid P D in this case is due to o 01 N KCl meeting o 10 N kCl 
The calculated P D is o 0008 volts, / e exceedingly small Now set up 
the same cell, but substitute hydrochloric acid for the potassium chloride 
in the two cases , the liquid | liquid P D now amounts to o 0370 volt 

The formula which applies to the above cell is given on p 158 

Note on the Means Employed to Eliminate Liquid ] Liquid Potential 

Differences 

Mention has already been made of the insertion of a saturated 
solution of ammonium nitrate between the two solutions This very 
probably eliminates the potential difference in the case of silver nitrate 
solutions, but it IS by no means certain that it is of general application 
The mechanism of the effect is quite obscure Anoth^ n^thod, toe 
to Nernst, consists in having the same electrolyte (KNU3 or 
present throughout the entire cell, the concentration of this added 
electrolyte being much greater than that of any other electrolyte P^^^^ent 
In this way the current in the cell is carried mainly by the added 
electrolyte, and we are simply left with the electrode potentials This 
IS a more theoretically sound method, but it has the drawback of not 
being generally applicable (KCl could not be used, for example, with 
AgNO^ owing to the formation of AgCl), and further if, say, potassium 
nitrate had been employed (say i normal) throughout the silver nitrate 
cell we would be met with the difficulty that the extent of the dissocia- 
tion of the silver nitrate would be altered owing to the presence of the 
NO', ion from the potassium salt, and the extent of this dissociation 
alteration cannot be easily determined. We would not know therefore 
the numerical values to assign to and in the Neinst expre^ion 
Mention should be made of a very ingenious method adopted by Cohen 
(Zeif fur Electrochemiey 1907) for obtaining by direct experiment the 
value of the liquid | liquid ? D m the case of two solutions of zinc 
sulphate The following cell was prepared — 


Zn 


ZnSO^ 


ZnSO^ 

^2 


i 

TT 


Zn 


The total e m f is Ei, where— 

2 F 


En - 


log - + Tf 
h 


TT being the liquid j liquid potential difference 

The e m f of the following cell was then measured 


Hg 


Hg2S04 saturated 
in ZnSO^ solution, 
concentration q 


Hg2S04 saturated 
in ZnSO^ solution, 
concentration 


Hg 
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*"“'"1^°’^®’ "Sing amalgams of different composition This 

“beamed by Macinn 

^Llr^kyZfJT ^445, I9rs), who have 

Se mven m th^ ?nL ! "0""entration cell discussed Their results 
expressed in potaSr cm ^ composition of the amalgam being 

EM F of Fotassmm Chloride Concentration Cells without Transtort 

at 25 ° C 


H 


tfj'KClsoln 


05 
05 

O I 
O I 

o 05 N 
o 05 N 


N 

N 

N 

N 


K.Hg 

j KCl soln , 

MCI 1 
solid 1 

Per cent 



0 02 

0 05 N 

_ Q J 

0 002 

0 05 N 

- 0 I 

0*004 

0 01 N 

- 0 I 

0 002 

0 01 N 

~ 0 I 

0 004 

0 005 N 

- 0 I 

0 002 

0 005 N 

— 01: 


E M F volts 


with^ and^^wuh^r^t important distinctions between concentration cells, 
^estinn nf7,^ transport, manifests itself when we consider the 
allS to (number of faradays) which must be 

of the electrolvtp ^ order to transfer one gram-equivalent 

01 me electrolyte from one solution to the other . 

actud aroiSrof ? '"f transport we have already seen that the 
one Eram-eauival,»nt* transferred when one faraday passes is less than 

mSed rJbf'P transferred is 

®/?-h ®rof oneI?.? salt transferred per faraday is, in fact, 

the anion In ^ transport number of 

respect to the anmr,^ ^ ^ olectrodes reversible with 

obto the tr^sfr? correspondmg fraction is ul{u + v) Hence to 
allow (u 4. 7b /71 f A ^s-m-equivalent of salt it is necessary to 

second case to flmough the cdf 

pass^e ^ ^ cell without trarl^port the 

gram equivaS of'Sl effectively to the transfc of one 

one comDartment to no passage of salt feits from 

de«SS“ mtiSXKmeW ' 1 ^' “ •'*' 

concentration cell when the neii ™ potassium chloride 

gram-iorof siS Ssnl.? ^ .v """^cnt. one 

5?£=S»:,'sS,S 
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, . ,.f 1 In ...iniurltu.m U. Hk; iw.mr** ui tin- far.Kky 

.i.iiit in tlu'itmu- form U) dishalve 
cMusi'. t»w gwni'iq « iiinr, <nu {{rrim c'<nuv.iU*nt of stiver 

.H. ..ufu-taKl tilwr okctm.lo 
(frtmi the Ag* H , , , th» it |.«r< , >»<« in» reuse in K(!l eontent of 

{'ompurnneiu ‘ 'in,,. ,’„.i ,(fe.t i. ohvioiHly the effertm* transfer 

one nl n( K< 1 oiu i •mip.utnient tt> the other, per 

fuMikv ,„,,s »r iii.o*n fniiu iln -• tonsuler.itimw. Let 

HH think Oi till tiuiisli l,.,n.jKHt, .md then in a cell 

t., Uu.we.tk '«'l" ‘ ti,,, I,, the of the cell with 

without tt.t»ii>>'t< n . ^,,ti,fmt ti.inspott. In the 

trunsiHirt. uiid L ^ ..p . .d em .iP ...ire pon.hnK to the transfer 

litHt till, till umoiii , 1 , j, (ti to .ii itt nuinher of amon or 

ofoneKrumi.hmdijt ^ 

ration). Ill 1 tw eniploved, .Old Tirir In 

tr.uis|Kirt ""'”‘,’‘1 5 ,’,,j „f , le to. ,il • ni tj-.v e. repiesenteil by L x I 

S.r;: v,::;;: •» 

• 
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A, 1 Ol>l.K|l , sn.AKi.i j 

•rh„ 1, A ..11 .nil -AH-i*"!. 1“' 

.1.. -i;.-'-'' 

*'• # p f< »!’ *>i‘i 

I atu I id h the tniiHSioft M««'iwr «* t*»e c‘.iUon, K 
when- «/(« t uuiids'r ami not that of tl 


'rhis IS 


It IS 


^ »mX tne amon, 

netesHir> In eniplny tin* ‘*'‘”‘1 - lesncet to the amon, Cd . 

liefttuu* ill** lelluii.i whole ^ ,,{ K(*l ^ud, on the basis of the 

r, a-..l f,«re thet«« * ?*’ ! "''f r/fnowed^^ and would 

simple eiitisulrrutums '****‘** ^ , jj„. KCI solutions, as deter- 

repnnent the degrees ii( . .y ^e Utter (C'hap. Vlll.) 

m;,„l l.| .!»■ ,0.(11, Ut;" of tho 

lhu.ti 1 m- ,1' .'HH-t the "iictmtioB' of tho 

ions, the qiwntiltes i»,e, and .if, .. t,vnies are the quantities 

bns in the rerpHtme 

neies-kiry to ..aiHlv tin e.m L ‘ ' “f* ” ’j ' ^ by eonductivity, except at 
coneenir-diotn of the imts as det. iimnen, say, y 
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very great dilution. We shall not enter further into this matter at the 
present stage 

Now let us consider the following cell without transport — 


Ag 


AgCl, KCl 
I 


K*Hg 


KCl, AgCl 
II 


Ag 


This IS a cell without transport, the e m f of which is E We have 
seen that this is given by the expression — 

E = log«f£i 
nY afy 

where a and c have the same significance as before On comparing the 
expressions for Ei and E we see that — 


transport number of K+ — Ei/E = e m f of cell with transport 

e m f of cell without transport 

Had the above cells been reversible with respect to the cation, the 
ratio of the e m f values would have given the transport number of the 
anion The numerical values for the transport number of potassium 
ion as determined by Macinnes and Parker from the cells cited above 
are given in the following table — 


Comparison of ihe Transport Numbers of the Cation in KCl at 25° C*., 
obtained by the E MF, Hittorf and Moving Boundary Methods 


Concentrations 
of KCl 

Ej/E ratio 

Transport Number of K’h 

r ' — **• "■ 

EMF Hittorf Moving Boundary 

05 005 

or 0 01 

0 05 0 005 

53 57/107 4 

54 00/108 9 

54 70/110 8s 

0 498 0 496 — 

0 496 0 496 0 493 

0 494 0 496 0 493 


It IS evident that the electromotive force method gives values whicli 
are in good agreement with those obtained by other methods 


Helmholtzs Method of Calculating the EMF of a Concentration CelL 

This method 1 in point of time is earlier than that of Nernst In- 
stead of following Helmholtz’s original method of calculation, the 
simpler modification employed by Sackur in his book {Thermochemistry 
and Thermodynamics ^ English edit , p 352) is here followed 

It will be observed that the process which actually takes place in 
a concentration cell, either with or without transport, and which gives 
use to the e m f , is the tendency of the two solutions to become ecjua.! 
in concentration. If mstead of transferring solute from one solution to 
the other we were to transfer solvent by isothermal distillation from, 
weak to strong, the same equalisation of concentration could be 
obviously brought about If we could evaluate the expression for this 
isothermal distillation work, we could equate it to the electrical work, 
for if we pass from one equilibrium stage to another by any reversible 

^ referred to is translated into English m the FUl Mag , [5], 

Helmholtz are translated m the Physical Society 
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,h«soe«, ,le wo* done » a. *«te, who. the 

w..h * 


Ag 


AgNOa 


AgNOs ^2 


Ag 


' thnt the two solutions only differ in 

In the first place, let us of one solution of silver nitrate 

concentration by dc, the c other being c + dc 

MtS: L7Sw»'.!'K .o.»* . o, o„o« o-hy 

ionised to a large extent transferred electncally 

Suppose that one Actually this is accomplished 

from the strong to the .^ssS^g 

in the cell considered being dlposited on the other electrode, 

of 10ns, a corresponding amount bemg boundary from the 

whilst a certain amount of NO^ considered the electrodes are 

strong to the weak solutm consequently the passage 

reversible with respect 1° of ®/(« + gmm-ions of 

one faraday (F) involves the jj^nber of the anion Hence to 

salt, this ttSer of one mole of salt, it is necessary to alio 

cause the effective trans amount of electrical 

(« + g) F faradays to fliow through the cell 


r w*.**''— o 

{u + volt faradays, dK being the 

/« . 1 


where n is the number be taken as referring to either 

mole of silver nitrate. qX by an infinitesimal amount 

solution, since the solutions > solution (whose soMe 

ass.m»g to. d.e vapou, obeys 1.0 gas law 
Hence on equatmg the two work terms we ob^n 

F (!L±X^ = - 

, rtnl the concentration, for the concentration 

Now n obviously depends on tne 

i„ ( ^ X Hence, if the two solutions 

of solute m a solution is simply ^ ij ^ 
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considered differ by finite amounts, the concentration of solute being 

Cl and then Ci = — and ^2 = — ^ — , ni being the number of 

-t" I ^2 "r I 

moles of water per mole of silver nitrate in the solution and the 
corresponding value of the water moles in rj, we must integrate the 
above expression between the limits and in order to get the 
emf E That IS— 


”) r^E = EF(ii±-fl 

7 ] •’ /r. 


V jcr 

To integrate this we must know of some relation between p and n 
This IS given by the approximate Raoult Law, namely, that — 


Po - P 
A 


or ^ = /o' 


n 1 — 


where /o is the vapour pressure of water alone and t is the van 't Hoff 
factor This has to be introduced into Raoult’s expression to allow for 
the fact of ionisation For dilute solutions of a binary electrolyte, such 
^ AgNOj, we may regard 2 as a constant, as a first approximation, 
having the value 2 It follows then that — 


(n + 1 - i)dplp = idnj{n + 1) 

For dilute solutions n is large compared with either / or unity Hence 
this expression becomes — 


so that 


ndp\p = tdnj{n + i) 


{ u + v) _ ^ 


- RTz\ 


= RT^ log, 


^ 2+1 


= RT^ Iog,5 


Cl = 1/(^1 4 - i) and C2 = + i) 


V RT , C2 __ 2 V 
u + V F ^^^1 u -h V 


Hence E = t ^ log, ^ ^ log ^ 

+ Zf F Cl u + V Y Cl 

This IS identical with the result obtained by the osmotic method for a 
concentration cell with transport, reversible with respect to the cation, 
me concentration of both solutions being such that practically complete 
mssociation may be assumed as a first approximation, and consequently 
the ratio of the salt concentrations is identical with the ratio of the 
concentration of the 10ns 


As regards the emf of concentration cells containing organic 
solv^ts relatively little is known owing to the difficulty of obtaining 
reliable values for the degree of ionisation In acetone, silver nitrate 
seems to act in the way predicted by Nernst*s formula (cf Roshdest- 
wensky and Lewis, Trans Chem Soc , 99 , 2138 (1911), id 101 , 2094 
survey of the subject is given in an article by Carrara 
on the Electrochemistry of Non-aqueous Solutions, ” Ahrens Sammlung 



^.SCT^OCMKMISTRy OF DILUTE SOLUTION. 

cm, u:.ih S..it, S,M.n, 

A cell of tte type ^ 5“LrSo.“'^’<S“the elLt.od.^ «» 
(Zatxh /«cy>iy!i* ’Ji’ Metent concentmtions Tliu , 

amalgams of a given metal at t concentration of the 

suppose some zinc is diss prepared m which the zinc is 

Sbetng A, aod >»«'>“ f£”X»s “ "» ““ 

concentration we can use these am 

different concentmtions) dipp g 3olution P^ssures of the 

o, potent-, b, 

+ 


concentrated_Pi 

amalgam — 


E 




Direction of current 
inside ttie cell 


insiae uuc 

r:S:.“eaTrfV{fHe^^^^^ 

S‘'eSo“tl,»?r;c.5: ., 0 - lo.. » th. .otal work tern- 
are given by 

ESF + S^^^Tlog — 


+ 8xRT log-^^ = o 


8F _ the valency of the ion involved, m this case 2 it 
or since - tne 


follows that— 


RT, Pi 

E=^ 1 oSF, 


write— R.T , Cx 

Xto assume ttal^J ““'.“Snrf b,°Moyefm“ e omo of ™c 

c„a^m“n »» a^ucoe a nte sulphate - 

^observed 

o 0419 volt 
o 0433 
O 0474 

o 0520 



0 003366 

o 003^66 
o 002280 


o 00011305 
o 00011305 

o 0000608 
o 0000608 
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P x8s It tttay be S;rout if . Electrochermstry, English edit , 

employ the vafues Sf the e m f Se^tf det 
(or atomic) state. i e the mnll,i, i° determine the molecular 
Recently an mvestmation ° 

thallium sulphate solution hs<i i amalgam electrodes m a single 

F Daniels {four. Z°r ^ W Richards and 

to emf measurements carried nnt ' (^919)) In addition 

wide range of amalgam’concentratir. E'^eatest accuracy over a 

tures, measuremente have akn K * ^ series of different tempera- 

behaviour of the amalgams their df thermochemical 

The followmg tebfe gives ?o^ 

clnTSefofp^iS^^^^^^ solu^oHa: 'appro^xlateTy 

theemf values m millivolts aT;h?Tem;tSra^^^^^^^^^^ 


No of 
Cell 


I 

II 

III 

IV 

V 
VI 

VII 

VIII 

IX 


Electrodes 
Per Cent Thallium 


03315 

1704 

3 7S8 

4 935 
lo 019 
17 049 
20 970 
27 362 
34 029 


1 704 
3788 
4 935 
10 019 
17 049 
21 025 
27362 
34 029 
42858 


emf Millivolts 


20 ^ 


30O 


40 ° 


45 550 

26 395 

9 763 
29 480 
24 342 
9 581 

II 57 * 

8681 
8 174 


46937 

27050 
9 968 
29 971 
24 660 

9703 
II 741 

8 844 
8360 


48 326 
27 704 
10 168 
30 467 
24 981 

9 833 
11915 

9 001 

8547 


dEldT « 
Average Temp 
Coefficient 


o 0001388 
o 0000655 
o 0000203 
0 0000493 
o 0000319 
0 0000126 
o 0000172 
o 0000160 
0 0000x87 


Fo, the fi,s, cell contemutg the „„t d.lete the W 

expression for the emf, namelv i^irr / / \ 
volts at 20° c, whilst the oh f 

agreement m tins case is modTrlte '"tv th ^ millivolts The 

amalgams the discrepancy between the* concentrated 

IS considerabk, the observed emf hf ‘^Rulated and observed values 
that required by the concentratiL^ exmSsfn 

the amalgams 10 oio per cent tt f Thus, in the case of 

e m f at 30° C. is 13 88, whilst the calculated 

Richards and Daniels w S 66 millivolts 

expresaon to apply quantitativelv° bv° ro * osmotic 

ooeflScient of these cells The reasonimr the temperature 

E = ^ log (cje^) 
dE/dT = I log 


Whence 
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, _ „ R X 273 = 27<? X mlFY 

Again, at T = 273. we have Eo = — |r- ‘eg 


Hence = o 00366 = a. the coefficient of expansion of a 

ence Eo /T 273 ^ ^ and also of Eo we can 

numbers are the same as those in the preceding tabl^ 


Cell No 


_i_ 

Eo dT 


Cell No 


I. 

II 

HI 

IV 

V 


o 00325 
o 00261 
o 00215 
o 00173 
o 00135 


VI 

VII 

VIII 
IX 


I dE 
Eo dT 


0 00135 
o 00149 
o 00191 
o 00238 


It is evident that the temperature coefficient 
than that required by the simple osmotic theo^ It is only 

of the most dilute amalgams (cell I ) that^^-jj. even approximates to 
the theoretical value, o 00366 I^e other c^est^^^^^ ‘^rarSe'oServId 

amalgams, Kicnaras ana mnglilv to 20 per cent of 

Tl,Hg, exists, Its composition to dissociation 

thalhum The compound melts at 14 9 ^ to affect 

J 5ZS reg.<.„ The 

fore to this compound 

Other Types of Concentration Cells 
•D /ip,c r,»lk of the types already mentioned, cells can be constructed 

Thf Smg'ceirrXS aKslliVStrodr has been 

realised 


Iodine 

electrode 


I2 m KI solution, 
giving KI3 


I2 in KI solution, 
giving KI3 

0% 


Iodine 

electrode 


T nrtual setting up of this cell, it is sufficient to have a clean 
.leio£ .»««ed m each s.d., m conuct w.th some sol.d 

iodine at the bottom of each vessel 
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We may also have gas cells^ i e cells in which a gas such as hydrogen 
or oxygen functions as the electrode This is also realised by inserting 
a platinum electrode and allowing a stream of the gas to bubble through 
the solution in contact with the electrode, the bubbles also striking the 
piece of platinum In such cases the platinum is chemically ineit — it 
simply acts as a mechanical device to give rigidity to the gas electrode 
Thus the following cell can yield a perfectly definite e m f , the e m f 
depending on the logarithm of the ratio of the concentration of H ions 
as predicted by Nernst’s Theory — 


Electrode H, 
(Platinum 
+ Hydrogen gas) 


Hydrochloric 

acid 


Hydrochloric 

acid 


H2 electrode 


As a practical point, it may be mentioned that the chief difficulty in 
setting up such gas cells is due to the fact that the platinum has already 
dissolved some oxygen from the atmosphere, and this in contact with 
OH' necessarily present in aqueous solutions, causes an oxygen con- 
centration potential to be set up It is necessary, therefore, to remove 
the oxygen as completely as possible For details a textbook on Electro- 
chemistry must be consulted A very complete list of various sorts of 
cells, classified under seven heads, is given by W D Bancroft {Journal 
Physical Chemistry^ 12 , 103, 190S) 


The Calculation of Liquid | Liquid Potential Differences between 
Solutions containing non-identical Electrolytes 


The expression for the liquid | liquid P D , namely— 


V + Y nF ^ c. 


already deduced, is only applicable, of course, to the case in which we 
are dealing with one and the same binary salt (AgN03) at two different 
concentrations We shall now take up the somewhat more complicated 
case of two binary electrolytes with different cations but the same anion 
Thus, suppose that the following cell is set up — 


Calomel 

electrode 


HCl solution, 
Solution I 


KCl solution. 
Solution II 


Calomel 

electrode 


We shall only consider the simplest possible case, namely, that the 
soluUons of KCl and HCl are identical in concentration (c), and that 
the electrolytic dissociation of each salt is complete, and also that the 
■s^ency of the ions is the same This means that the chlorine ion has 
toe same concentration, c gram ions per liter, throughout the cell 
There is a hquid | liquid potential difference at the contact of solution I 
and solution II , owing to the different mobilities of the K ions and 


Fl,FCrROCHKMlsrh'V 01- ott I //■ ^on 


ltnl 


1 >* 
ir* 


thf If Kiii't VV»‘ Iwvf to ( aUnilati* wlwt ihi'i will It» . I«» * f 

however, it i^ iiei e^^tiry Me wH*it 4ii 

Lrdiiig tlw mtimt «>f tl«' «a\«'r '‘••Iim*.!* I ' '»> 

S f Ti.c.r<. *m. twa w.tys ». 4 . .I,m h 4 «»! '‘V' * f, 

with flaiK-k ‘ that tht. two sohitioin \um- Invi. m K.niiKht tl . t 

Sril^mLy .s .lutp N-.torat f - X" 

(Otumemf and camo tin- slurpn.--* t*» min d 

place by diffuMon a/mr, the conicntr.ititm m am- l.oi 
l,y two independent v.uwbl.«». tin* r.Uei «I d.tliw.in o tin w b- 
the nthei hand, we can muKine, )n*.ie.ul ol a boitiidirt ■* t j 

initially, that a eonneiting layei e. I.mned by laiMin}; a f'»'» 
solutmm to In- mw'h.iiw.dlv uiixed. Ibis loin.e . iiiik Uyt 1. 1 . UU a 
M-ries of mixtures ot the twoMilutions in .d! |.io|«.m.»n'.. U» »» the ln«b 
of solution 1 the K' ion eoneentr.ition is /eio, and in she Uidy of *<•!« 
tion II. the If ion eoneenttiaioii is likewi'.e /eto. I In- i« sue law* 
considered by f. llenderson.^uid as il M-. ni- to b. mote . isily «* .»b«'d 
in practice than I'lanck's anangenu nl, and still nioie la-, nea it allow , 
of a more simple m.itheni.itical treatm. lit m laUitlaliitg c,. H. ink isim . 
method will Ik- followed in llieprea-til ease, lal ti. aipjn. e Itiiiil in 
the cell aliove descrilieil, wln-te • n piesi-nls lln i on. < ntialion ol 
ions throughout, the iiiobility ol the If loti is ikiioi.d by tfi, «»« 
mobility of the K.’ ion by «„ and the mobility ol the t 1 imi to f- 
Suppose I faraday of elis-iric-ily to pass thiougb the cell, f unaili i a 
region in the eonneeting layer in wlneb the 'a.liilion i on i ts ol * puls 
of Kdl and (i ~ x) yiarls of HCl, wliieh is the -anie thing .i. -um,- 
tluit there are .e gram ions of K.’ d- (i ») gram ion . ol If ion. | i 
gram ion <U', and suppose that t famday n( ele.limtv i* iiaii kion 
from this region to aiiotlier where x know x I ./i.ami ton. .jsitnhnjH 
r - a- k now (i - (x + i/i) ). ’riiiH t ikei pla» e by If loti ao.l l.‘ .on 
travelling m the jmsitive direction, fl’ in the n.-gain. I h. ine non oi 
I gram equivalent of eiuh ion, whiih takis part m tin ti.oea.f ol lb. 
faraday is given by the exfiression 

(eoneentratioii ot the ion) x (iiiohiiity of ib. ion) 

^ ^ S (eonientratioii) * Iniohilnv) 

where the deiiomiimtoi denotes the .nm of all u tin involvnv, iho po. 
duct of contentration into mobility of eaih ion pn .« nt In ih. pain, 
ular < use chosen 
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where— involved in this transfer is represented by dA 

P 

where/ is the osmotic pressure 

The total work A of the transfer of i faraday, when the whole layer 
“k° tlie integral of the above expression, the 

w between the limits, when ^ = o to ;r = r, 

for in the body of solution I a = o and in the body of solution II 

A r osmotic pressure is proportional to concentration in 

dilute solutions, we can write for the H' ions — 

- dp _ dx 
/ r - 
~ df _ — dx 


and for the K’ ions 


The difference in sign of dx in the two cases is due to the fact that 
in any two contiguous regions in the layer, if there is an increase in K , 
decrease in H', so that at any point the total 
concentradon of cations is just equivalent to the anion Cl', which 
remains at constant concentration throughout The work term in con- 
nec ion wit the anion Cl is obviously zero, since its concentration, and 
therefore Its osmotic pressure, is constant We thus obtain for the work 

erm A the algebraic sum of the two work terms for H' and K’ respec- 
Lively, viz — ^ 


= f (i 

Jo (i - x] 


- x)ui 


RT 


')Ui -h XU^ + V 1 

xu^ 


■dx 


r 

Jo (l - x)ui + xu^ + V X 
dx 


RT^ 
dx 


RT(«i ~ u^) f 

Jo ^{^2 - 


Putting 
we get 


- RT log, !fL±J! 

U2 -h V 


Ui) + Ui + V 


A = <?2^F 
RT, 


Ui + v 


^ log. 


Plant’s formula, to which reference will be made 
Sento for the simple case chosen, 

S SfLltsJ concentration 

N ^ examined recently by 

N Bjerrum fur El^ctrocAe^e, 17 , 391, 191X), m which the 
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experimental arrangement was such as to give a mechan^lly 
boundary Two calomel electrodes were employed in the cell, the 
solutions m contact being also chlorides at the same concentration on 
each side The table below gives a few of Bjerrum’s data 

The agreement between the last two columns is only moderate, and 
It IS difficult to say how far this may be due to experimental error, for 
the total e m f ’s are very small Planck {Ic) has worked out the case 
in which the solutions in contact are different in concentration, and 
are likewise different in composition {t e no ions being necessarily in 
common), but the ions have all the same valency The method of de- 
duction will be found in the paper cited , it must suffice here simply to 
write down the formula obtained for the liquid ] liquid potential dif- 
ference 


Solution I 

Solution 11 

Electrode P D 
Calculated by 
Nernst s 
Formula 

1 

Liquid 1 Liquid 

P D 

Calculated by 
Henderson’s 
Formula 

Sum of 
Calculated 

P D ’s 

Total 

EM F 
of Cell 
Observed 

0 I, N HCl 
or, N NaCl 

0 or, N NaCl 

0 1, N KCl 
01, N KCl 
001, N KCl 

- 0 0016 
0 0005 
0 0002 

- 0 0276 

0 0050 

0 0048 

— 0 0292 

0 0055 

0 0050 

- 0 0278 

0 0041 

0 0039 


Flanck' s formula — 


^2 = <*>1 - 




RT 

n¥ 


logs I 


where ^ is defined by the relation — 

logs - - logs Is 

^2 

where n, RT and F have the usual significance and «i and are the 
velocities of the cations, »i and 02 the velocities of the anions, and Cj 
and Co the corresponding ionic concentrations 

Planck’s formula has been extended by K R Johnson {Ann der 
Physik , 14 , 995, 1904) to the case in which the valency of the 10ns is 

not the same , , , , 

Henderson f/c) has hkewise dealt with the general case, in which 

the two solutions differ in concentration, and have not necessanly any 
ion in common, and the ions not bemg necessanly of the same valency 
This method is more readily followed than that of Plarick, but there is 
not space to give it here The final expression reached is 

RT (Ui - Vi ) - (U2 - V2) log, 

= T (uTTv\) - (U'2 + v'2) u'2 + V 2 
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the two methods of treatment the numerir^l values of 

PD are not correspondingly very widely different itie grap 

mLou^pS (Fig 25) taken from Cumm.ng’s paper (1913) shows the 

“““S”°Tt wiU be seen that the differences become appreciable 
only when the ratio of HCl to KCl becomes very large 

The apphcabihty of Planck’s formula has been J 

and Vosburgh {Journ Amer Chem 40 , 1291 )) S 

of the type — 


Hg 


HgaCla, KCl 


KCl 


HCl 


Hd 


The contact P D between the two KCl solutions may be easily calcul- 
by Znst? formirla, the single P D 's of the electnnte being aUo 
known^whence an approximate determination of the contact P D be 
tween KCl and HCl may be made A few of the results may be quoted 

(where ^ can be varied), the following contact P D values in volts are 
obtained — ^ ^ ^ 

X =01 25 35 41 

P D obsd =00270 00076 00047 00022 00006 zero volts 

Sled = 00282 ooiia 0008* 0007* 0006-0 0055* volts 

by Planck’s formula 

(Values marked - are taken from the curve given in the pa,per cited ) 

It will be observed that the discrepancy " ‘’i^^g^aSs 

observed values increases as the concentration of the KCl “^creases 
Perhaps the most important practical result arrived at is t^t there is 
no mlsurable contact P D. between a saturated solution of KCl (4 iN) 
and HCl solutions rangmg in concentration from o iN to i oJN 

Standard Electrodes or Standard Half Elements 
Since the e m f of any cell is necessanly made up of at least two 
narts corresponding to the electrodes, it is necessary, for the purposes 
orcoi^mrisOT in Lny cases, to make one of the electrodes and the 
hquid m which It IS Lmersed (such being called the half-element) 
pSss a constant value This electrode must be easily and con- 
veniently set up It must give, under the same conditions of concen- 
Iration and tem^rature, the same potential differences, r . it mus yield 
reproducible values in the hands of different operatois It must lik 
mse have as small a tempeiature coefficient as possible One half 
element used frequently for this purpose is the calomel standard 
dectrode It conLts essentially of some very pure mercury acting as 
the electrode, external connection being made by means of a platmurn 
wire immeised m the mercury The liquid in contact consists of a 
solution of KCl saturated with calomel Hg2Cl2 , saturation being guar- 
Steed by having a layer of calomel (mixed with mercury to ensure the 
Lence of mercLc chloride HgCla) placed over the mercury. The half 
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KCL 
saturated 
with 
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“fde m the shape illustrated (Fig 26) When 1 
normal potassium chloride is employed the electrode fi caS the 

“noimal calomel electrode” When ^ KCl is used it is called the 

of 

of the “normal calomel ” being o 56 volt, 
fee decinormal calomel ” being o 61 volt 1 
Ihe nieicury in each case is positively 
charged with respect to the solution of 
mercury 10ns produced from the calomel 
hen used as a reference standard, the 
D ot the ‘normal calomel ” is set arbi- 
trarily at zero and other half elements re- 
lerred to it Another standard electrode 
consists of a hydrogen electrode (the gas t 

being at atmospheric pressure) immersed 
m a normal solution of H 10ns (a httle 
over normal HCl solution) Taking this 
as zero P D , the actual P D of the calomel 

with a normafcal^^l^ rh '^n ^ hydrogen electrode 

inside the cell ^ current, the current passing 

merrnrv ,! fif r i. ^ly^rogen electrode to the mercury The 

“S;7ol. t 1°“ ‘,t “>“ » f of ii->ch 

same scale the t^ydrogen as zero, it is obvious that on the 

given by F Auerh^rh ° ^ standards is 

given oy J? Auerbach {Zeit fur Elektrochemie, 18 , 13, 1912) 

The Electrolytic Potential {“ E P ”) 

AglSrs^mionf Whe^n (say silver in contact with 

g MWa solution;, when the concentration of the 10ns is normal TKp 



TT = 


- RT, p 
log. - 
P 


«F 


- RT, C 


-f r c 

log 7 =?“nrhm^°thi^^V°r/® ionic solution), 

g o, and hence the elecholytic potential “E P ” is given by 


• E P ” 


- RT 


log. C 


- RT 


log, 


RT 


Th .1, 

taJn of P,*' P r “f® 

electrolytic potential proportional to the 

table giv^the electroMm n The following 

fee firft column being referred to tS electrodes, the values in 

zero electrode the values nf tho. a calomel electrode as a 

hydrogen « as ’a zero dectrJde “ ^'^® “ 

sonrces of OTor^*^ere«*^n tifTa!? '^stermining these absolute values and the 
ibts senes of Textbooks. ermination, see Lehfeldt, EUcirochemtsiry, in 
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Electrode 

E P 

» Normal Calomel'* 
Electrode =« o 

EP 

» Normal Hydrogen ” 
Electrode = o 

Platinum 

Silver 

Mercury 

Copper 

Hydrogen . 

Tin 

Zme 

Potassium 1 

ca + 0 580 

+ 0 515 

+ 0 467 
+ 0 046 
-0283 

ca - 0 475 1 

- I 053 

- 348 

ca 4- 0 863 
+ 0798 

4-0750 

4- 0 329 

1 + 0 000 

ca - 0 192 

- 0 770 

- 3 20 

Oxygen 

Iodine 

4- 0 no 
+ 0315 

+ 0 393 
-1- 0 628 

1 -liT 1 


nnsitive Sign means that on joining up tuc o 

solution of , the metal electrode is the positive 

;'„S r«i «.g...ve »*» of 00»:» »d.ct=s 0,0. .he .l.c.»de 

examined is the negative pole of the cell 

Mechanism of Electrolytic Conduction and Discharge of Ions on 
Electrodes 

Tt miffht aonear at first sight that this would be of a simple char- 
Jr bi^falTrSue^f experience, the question is by no means easy 
f ’ With (eTOerimentally^ When we consider the simplest case in 

from the electrode on to the ion, which thereby loses its electric cn g 
and IS precipitated upon the metal Thus 

^g+ 4 - (H) -» Ag metal 

a,e eleclroo b».g denoted b, fce tymM ® 

ion formation, we have to assume that the reaction is 

Agiretal Ag"*" + ® 

The presence of the ^r of S3y.°anrth?‘leactiOT cIi 

action equation denotes a transfer o eiectricixy. direction of 

and in the reverse sense in the second case 

xx/if-ln water have to be determined m* 

Amer Ch:m So. , 3^, X463 (xgio), fot 

measurements in the case of sodium 
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Electrolysis qf a Complex Salt 

Potassium silver cyanide solution is a very convenient solution to 
use for the deposition of silver at the cathode There are, however, 
very few actual Ag* 10ns which could react with the electron passing 
out from the cathode, when the ion is in close proximity according to 
the equation — 

Ag'^ + ® Ag 

According to Wilsmore, what happens is that the complex silver con- 
taining anion — the salt being 2YP and Ag(CN)*4 “ although it is naturally 
streaming away from the cathode, reacts with the electron at the cathode 
thus — 

+ 2®->Ag-f 4CN 

Remember that this is the cathode process, two _electrons passing 
the electrode to the solution Naturally the CN formed starts to go 
towards the anode When electrolysis is prolonged there may be no 
longer sufficient Ag(CN)7” 10ns to so react (partly because they have 
been used up as above, and partly because they have migrated too far 
from the electrode (cathode)), and the K* begins to discharge, making 
the cathode liquid alkaline At the anode, if it is of silver, the above 
reaction is just reversed, viz — 

Ag 4- 4CN ^ Ag(CN)X“ + 2® 

the two electrons being given up to the electrode Probably also the 
complex Ag(CN)X" can further react 

Anions may thus react at both cathode and anode In these cases 
considered, where a silver electrode either produced Ag* 10ns, or had 
Ag deposited upon it from a solution containing Ag’ 10ns, the electrode 
IS called a nonpolarisable one That is to say, if we set up a silver 
I silver nitrate cell consisting of two silver electrodes in one and the 
same solution of silver nitrate, and cause electrolysis by impressing an 
external e m f upon the cell from a battery or machine, we would find 
on suddenly causing the electrolysis to cease, and then connecting the 
two silver electrodes through a voltmeter that there was no back e m f 
produced The cell would be simply in the electrically neutral state 
in which It was at the beginning It is most important to remember 
that the osmotic theory of e m f refers to cells, each electrode of which 
IS non-polarisable or perfectly reversible If, on the other hand, we 
electrolysed a dilute sulphuric acid solution (by means of an externally 
applied e m f ), using platinum electrodes, and then cut off the external 
current and joined up the electrodes as befoie we would find quite a 
considerable e m f The cell is then said to be polarised What has 
happened is that the hydrogen and oxygen gases which have been pro- 
duced by the electrolysis have formed a hydrogen and oxygen electrode 
respectively The existence and magnitude of this back e m f may 
be at once observed, if the externally applied e m f be too small, for if 
It be less than the polarisation e m f the process of electrolysis * would 
automatically stop A platinum electrode dipping into sulphuric acid 
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IS an example of a non-reversible or polarisable electrode Of course 
once the platinum has become charged up with either hydrogen or 
oxygen it will again function as a reversible hydrogen or oxygen elec- 
trode, the platinum, however, not entering into the phenomenon as 
such In the above case, however, there is polarisation of the cell as a 
whole, for one electrode is an oxygen electrode, the other a hydrogen 

electrode , . j 

A polarisable electrode can in many cases be converted into a non- 

polansable electrode by means of the addition of a depolariser 
mercury m contact with potassium chloride solution is a polarisable 
electrode If, however, we saturate the solution with mercurous chloride 
(allowing as a guarantee of saturation, a layer of calomel to be on the 
surface of the mercury), the electrode mercury | mercurous chloride + 
potassium chloride is now non-polarisable This particular electrode, 
as already described, is known as the calomel electrode Suppose that 
positive current is passing from the solution into the mercury This 
means that electrons are passing from the mercury into the solution 
An electron leaves the mercury and attacks a mercury ion (present from 
the calomel), thereby discharging it so that it is deposited as metallic 
mercury This means that at the same moment a chlorine ion dis- 
charges Itself at the second electrode, or causes some secondary reaction 
to take place at this second electrode, which causes the discharge of an 
electron on to the latter electrode In this way current passes through 
the cell, but there are never at any moment any unbalanced ions present 
in the solution or solutions composing the cell As regards the mech- 
anism of electrolysis, attention should be drawn to some rather unex- 
pected results obtained by F Haber and J Zawadzki {Zett fur physik 
Chem , 78 , 228, 1911) in the case of solid compressed salts as “ electro- 
lytes 

Ekctrometnc Method of Measuring the Solubility of Sparingly Soluble 

Salts 


In Vol I the electrical method of determining the solubility of 
a salt such as silver chromate by measurement of the conductivity has 
already been desaibed In the case of a salt like silver chlond^e the solu- 
bility IS so very small that the conductivity method would be a some- 
what inaccurate one By means of electromotive force measurements, 
however, the solubility of this salt can be determined with a high degree 
of accuracy Thus if the following concentration cell be set up— 


Ag 

electrode 


AgNOs 

Saturated 

— KCl saturated 

N 

NHiNOj 

10 

100 

< 

with silver chloride 


Ag 


the current is found to flow from right to left inside The silver 
chloride, which we can regard as completely dissociated, gives rise to 
VOL II 
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Ag* and CV ions If L is the solubility product [Ag*][Cr], then the 
_ N 

solubility S IS Now m the presence of — KCl (which is added in 


order to make the solution conduct), the concentration of the Cr ions 
is approximately o i N (correctly speaking we should allow for the fact 
that the degree of dissociation is not complete), and practically all the 
cr present comes fiom the KCi, for the actual quantity of Cl' produced 
by the AgCl is quite negligib le in comparison Hence the solubility 
S IS equal to ^[Ag ] x o i If we could determine the [Ag*] the 
value of S could be at once calculated If the above cell gives an e m f 
of E, It IS clear that — 


„ RT , 0 01 

E = — log, 

n¥ X 


where x is the number of gram-equivalents per liter of Ag ions m the 

RT 

KCl + AgCL solution The factor — - multiplied by the factor con- 

nr 

verting natural logarithms into logarithms to the base lo, has the value 
0058, at ordinary temperatures, if the emf is to be given m volts. 
That IS — 


E volts = o 058 logio 

from which x is easily calculated, and hence the solubility product L, and 
from that the solubility S In th^s way it was found that the solubility 
of AgCl in water at 25° C amounts to i 2 x 10”^ gram-equivalents 
per liter (See Goodwin, Zeitsch physik Chem ^ 13 , 641, 1894) The 
solubility of AgCl might also be determined by measuring the e m f of 
the cell — 


Ag 


— KCl saturated with AgCl 


Cl 


The chlorine electrode consists of platinum foil saturated with chlorine 
gas If both electrodes produced cations, the nett emf would be the 
difference of the two smgle potential differences Since, however, the 
chlonne electrode produces anions, the two electrodes assist one another, 
and the nett e m f of the cell is the sum of the two single potentials 
That IS — 

E = o 058 log ^ + o 058 log ^ 

^Ag ^C1 

and since - o 058 log CAg and - o 058 log Cq represent the electro- 
lytic potentials of these two electrodes, which we can denote by TTAg and 
TTci respectively, we can write — 

E = TTAg + TTci + o 050 log ^Ag ^ci- 
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Knowing E.,rAg, ^ci and .ci' (which is ^). we obtain ^Ag , and as before 

the solubility product of dissociated silver chloride If above cell 
IS allowed to give current, the reaction inside the cell is the 
of silver chloride, first m the form of ions, which, of course, unite to 
give solid silver chloride, since the solution is already saturated with 
fespect to this salt The salt is formed at the expense of the silver and 

chlorine electrodes respectively , , , silver 

The process considered is simply the formation of solid silver 

chloride horn its constituents, of which 

Since the cell is a reversible one in the electrochemical sense, and since 
we can imagine the process carried out infinitely slowly and therefore 
reversibly in the thermodynamic sense, it follows that the work don 
IS maximum work and is therefore independent of the path followed 
Hence if we substitute alcohol, say, m place of the water, we would e-^ 
pect the same e m f E as before, for E is a measure of the maymum 
work done The value of E is therefore independent of the nature of 
Hence the expression — 

^Ag ^ independent of the solvent, or writing 

CAg ^ ^Cl 


the solvent 
0058 log 


LAgCl 


X rci' = LAgci. the solubility product of silver chloride, 

IS also independent of the nature of the solvent But LAgci certainly 
vanes wi'th^the nature of the solvent, for the solubility itself vanes 
Hence Cae x Cci vanes with the solvent That is. in general, the 
solution pressure of an electrode vanes with the nature of the solvent 
This conclusion makes it even more difficult to visualise what vre mean 
by solution pressure, for it is evidently not characteristic of the elec- 
trode alone, as it depends also upon the solvent 

Electrometric Determination o;f the 'Valency of Ions 

The classic illustration of how the valency of an ion can be determined 
from e m f measurements is that of the mercurous 10ns [Hgg investi- 
gated by Oeg physik Chem,^, 285, 1898) 

The mercurous ion may be represented by either Hg or [Hgg ]. 
The method of investigating whether the mercurous ion was a single 
atom carrying one charge or two atoms together carrying two charges, 
is deteraimed by calculating « in the e m f expression 

nr Cy 


Suppose the following cell is set up — 


Hg 


N 


Mercurous nitrate 

dissolved m 

^ nitric acid 
10 * 


N 


Mercurous nitrate 

dissolved m 
N 


10 


. mine acid 


Hg 


+ pole 


inside 


pole 



i8o 
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The nitric acid is present to prevent hydrolysis of the mercury salt 

N 

Suppose the concentratioir of mercury ions m — mercuious nitrate is 

20 

N 

represented by and that m the -- by Neglecting the liquid | 
liquid P D , we can write the e m f E of the cell in the form — 


-c, RT , ^2 o 058 , 

For the actual case mentioned E was observed to be 0029 volt Tak- 
ing as a first approximation that S = — = 10, then logic - — unity, 

^1 2 Cl 

and — 

o 058 

o 029 = — or n 2 


That is the valency of the mercurous 10ns is two That is the mercur- 
ous ion carries two charges, and we must therefore represent it by 
since we know that one equivalent of mercury is united to one 
equivalent of NO3 in mercurous nitrate The proper formula for a 
molecule of mercurous nitrate is therefore Hg2(N03)2 We infer, there- 
fore, that Hg2Cl2 is the correct formula for calomel 


Electromeiric Determination of the Hydrolysis of Salts ^ 

In dealing with various methods of measurement of the hydrolysis 
of salts by water in Vol I , reference was made to a method depend- 
ing upon e m f determinations This method will now be described 
It consists essentially m using a hydrogen electrode in the solution of 
the salt, which is partly hydrolysed, the other half of the cell being a 
calomel element, the two halves of the cell being connected by means 
of a saturated solution of ammonium nitrate which was taken as annull- 
ing the liquid [ liquid potential difference From the e m f value 
obtained, the concentration of H’ ions present in the salt solution is 
calculated, and hence the degree of hydrolysis This method is particu- 
larly suitable when the concentration of H* 10ns is very small, in fact in 
cases m which other methods would be inapplicable Its applicability 
is, however, limited by the fact that it cannot be employed to determine 
the hydrolysis of salts, the metal of which is more noble than the hydro- 
gen Itself, i e It cannot be used in the case of those metals like copper, 
silver, mercury, gold, which would be precipitated upon the platinum 
electrode, an equivalent quantity of hydrogen passing into the ionic 
state, but it can be used for salts of metals such as aluminium, nickel, 
cobalt, zinc, cadmium magnesium, barium, also one cannot employ 
the hydrogen electrode in the case of cations such as ferric++-+' 10ns, 
which are partly reduced by the hydrogen, or in the case of reducible 
anions such as NO'3, CIO'3 It has been used with success by Denham 

1 Cf KF G Denham, yourn Chem Soc , 93, 41, 1908 Also Loomis and 
Acree, yourn Amer Chem Soc , 46, 621, igii 
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was o 4655 volt , the current znstde the cell passing from left to right, 
so that the normal calomel was the positive pole of the cell Now it is 
known that the “ normal calomel ’’ possesses a potential difference 
between the mercury and calomel-potassium chloride solution of 
4- 0 56 volt^ approximately, the mercury being positively charged with 
respect to the solution , hence it follows that the P D of the hydrogen 
electrode must be o 56 - o 4655 « + o 095 volt, the hydrogen 
electrode likewise being positive with respect to the solution in contact 
with it Hence — 

RT , X 

° ° 9 S = ’TO + ^ log - 

The ‘‘absolute” value of the electrolytic potential of hydrogen, vtz ttq 
as measured against the “ normal ” calomel electrode (when this electrode 
IS taken not as zeio but as + o 56) is + 0277 volt, that is, if we join 
a hydrogen electrode in contact with a solution of normal concentration 
of hydrogen ions, with a normal calomel electrode (ammonium nitrate 
saturated solution being interposed) the calomel is the positive pole of 
the cell, the current flowing inside from hydrogen to calomel, and the 
total e m f of the cell is 4- o 283 volt [Note, if we take the calomel 
as zero, it is obviously o 283 volts higher than the normal hydrogen, 
and therefore the normal hydrogen on this scale would be represented 
by - o 283 volt, as has been done in the table of Electrolytic Potentials 
(E P ) values already given ] It follows therefore, since n = 1 for 
RT 

hydrogen ions, and for 25° C is o 059 [the unit of energy being 

the volt-faraday, and the natural logarithm being transformed to logar- 
ithm to the base 10], that — 

o 059 logio ^ = o 0945 - o 277 = - o 1825 

Hence ^ = concentiation of H ions = o ® 

* V ‘ [ liter 

Since complete hydrolysis of the aniline hydrochloride would produce 
oc 

a value for - of (assuming complete dissociation of the hydrochlonc 

aad), the percentage hyd|:olysis of the aniline hydrochloride at dilution 
= 32 is — 

X 100 = 2 58 

Further the hydrolytic constant K is given by — 

(o 000807)^ X 32 

K = — ^ ^ — = o 000021 
I — (o 000807 X 32) 

In the following table Denham’s figures are given for the percentage 
hydrolysis of aniline hydrochloride, and the hydrolytic constant for a 
seiiies of dilutions — 

^ On the so called absolute scale, cf p 174 
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Dilution of 
Salt 

V 

Obsen ed E M F 
of Cell 

Single P D of 
Hydrogen Electrode 

% 

Hydrolysis 

Hydrolytic 

Constant 

K X 10 

16 

04567 

+ 0 1033 

1 82 

2 I 

24 

0 4609 

0 0991 

2 32 

2 3 

32 

04655 

00945 

2 58 

2 I 




Mean = 2 i6 


The value of the percentage hydrolysis for o = 32 is 2 58, which 
agrees well with that found by Bredig by the electrical conductivity 
method, namely, 2 61. 

Gfavtty Cells and Centrifugal Cells 
((/ R C Tolram, Froe Amer Acad, 1910) 

In general one may define a cell as representing a set of conditions 
in which available or free energy of some kind tnay be converted into 
electrical energy That the force of gravity (and therefore centnfugal 
force) could conceivably give rise to an electromotive force follows from 
the fact that the passage of current in a cell involves the actual transter 
of matter through the solution Thus, suppose that we had a vertical 
tube filled with AgNOa solution with silver electrodes at the top and 
bottom and that a current is passed from the lower to the upper 
electrode This necessitates the relatively heavy silver 10ns being raised 
against gravity, whilst the lighter nitrate 10ns are lowered The net 
effect produced by the current consists m the lifting of a certain mass 
of material, whereby work is done against gravity This work must 
correspond to a certain emf which will oppose the passage of the 

current in the direction considered 

This effect, which is a very small one, has actually been observed 
by several investigators, notably by Des Coudres, who, in order to 
magnify the effect, substituted centrifugal action in place of grayity, the 
tube containing the solution being rotated and the e m f measured 
In Des Coudres’ arrangement the e m f observed was of the order 100 to 
200 microvolts (i microvolt =10 * volts) He abandoned the centri- 

fugal method, however, owing to the erratic results obtained, in favour 
of measurements with speciaUy constructed gravity cells, m which the 
two electrodes were placed at a vertical distance apart of 377 cms 
The following table contains some of Des Coudres results obtained 
with such gravity cells The e m f is expressed in microvolts per cm 
difference in height, the error estimated by Des Coudres not exceeding 
+ o 009 microvolt From the expression for the e m f produced by 
gravity (or by centrifugal action) the transport number of one of the 

10ns in Des Coudres’ experiments the anion — can be calculated This 

expression will be given later It is important to note that the trans- 
port number thus obtained is the Hittorf number, riot the true transport 
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number obtained, say, by the use of a reference substance, as m 
Washburn’s method The column headed gives the values of the 
transport number of the chlorine ion as obtained by Des Coudres, the 
final column containing Hittorfs values (The negative sign before 
certain of the e m f values denotes that the cation is less massive than 
the ion, and consequently the direction of the e m f is the reverse of 
that in the other cases ) 


Salt 

Per cent Concentration 

E MF 

a 

Hittorf 

KCI 

168 

+ 0 0510 

0 50 

0 52 

NaCl 

199 

- 0 0315 

0 66 

0 65 

LiCl 

173 

— 0 109 

077 

075 

HCl 

3 56 

— 0 0218 

0 150 

0 175 

BaCb 

17 0 

+ 0 170 

0 64 

0 65 


The agreement between the values m the last two columns is 
satisfactory 

The problem of measuring the e m f produced by centrifugal action 
was first successfully solved by Tolman {loc cit ) The success de- 
pended essentially upon the mechanical arrangements whereby very 
high rotation frequency could be realised without undue introduction 
of extraneous effects which would influence the observations For the 
details of the expenmental arrangement the original paper must be 
consulted. It is proposed only to summarise here the results 

In the first place it is necessary to deduce the expiession for the 
e m f The following treatment is due to Tolman — 

Consider a vertical tube of height h filled with the solution and pro- 
vided with electrodes at the top and bottom If E is the P D m volts 
between the upper and lower electrodes produced by the action of 
gravity, then by allowing one faraday of electricity to flow we would 
obtam the external work EF (volt-faradays), or joules, equivalent to 
10^ X EF ergs The passage of this electricity thiough the solution is 
accompanied however by the transfer of a certain nett weight of material 
from the upper electrode to the lower It is evident that the external 
work (10'^ EF ergs) will just be sufficient to restore the solution to its 
original condition, that is, will do the work of raising the transferred 
material back from the lower electrode to the upper For the sake of 
definition let us suppose that the electrolyte is a solution of an iodide, 
and that we are using iodine electrodes, consisting in practice of 
platinum electrodes with a small quantity of iodine dissolved in the 
solution If now we let one faraday flow through the solution we know 
that one atomic weight of lodme, or Mj grams will be liberated at the 
anode or upper electrode and will disappear from the lower electrode, 
and at the same time there will be a change in the ratio of salt to water 
at the two electrodes, such that T^Ms grams of salt will have apparently 
been transferred from the anode to the cathode, where Tc is the Hittorf 
transport number of the cation and Ms is the molecular weight of the 
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Tolman goes on to consider transport numbers m the light of the 
e m f values obtained As already explained in Vol I Washburn has 
determined the true transport number of an ion, and has shown that it 
differs from the ordinary or Hittorf number The Hittorf transport 
number gives, however, the number of equivalents of salt which ap- 
parently disappear in the neighbourhood of one electrode, and appear 
at the other when one faraday is sent through the solution, and hence 
the Hittorf number gives the amount of salt which must be moved in 
order to restore the solution to its original condition of uniform concen- 
tration From a consideration of the deduction of equation (2) it is 
evident that the Hittorf number is the one measured by the centrifugal 
method Rewriting equation (2) we obtain for the transport numbei 
of the cation (in Tolman’s cells) — 

^ 

Using the average value for for each salt, the following values of 
Tc have been obtained (Mi = 1269, and = o 2376) — 


Solution 

~K 10 « 

- r,* 


% 

h 

T, 

I 100 ^ 

6571 

846 

166 

0 284 

I II5 

0 486 

M, Nal+ 

I 100 

88g 0 

8493 

1499 

0 244 

I no 

0385 

I 100 

1183 

8493 

1339 

0 2605 

I 096 

0 268 

HI+M I, 

I 50 

375 9 

846 2 

1279 

0 282 

± 090 

0 816 


The probable error in T^ is estimated by Tolman to be ± o 010 
It IS of interest to compare these values with the transport number ob- 
tained by other methods Very few data are available in the case of 
iodides with the exception of the measurements of Dennison [Trans 
Fataday Soc y 5 , 165 (1909)) The Hittorf number may also be cal- 
culated from conductivity results at infinite dilution The following 
table contains these comparative results — 


Hittorf Transport Number of the Anion 


Salt 

Centrifugal Method 

From Conductivity at 
Infinite Dilution 

Dennison 

KI 

0514 

0*507 

0514 

Nal 

0 615 

0*604 

0 624 

Lil 

0732 

0 665 

— 

HI 

0 184 

0 174 








CHAPTER VIII 


Chemical Equilibrium in homogeneous systems (Dilute f Mo^rn 

Mechanism of osmotic pressure— Semipermeabihty of ^ ^ 

theory of dilute solutions of electrolytes- Abnormal l^^aviom of ^ 

undissociated molecules— Activities of ions— Activity coefficient and degree ot 
ionisation — Activity of molecules 


Mechanism of Osmotic Pressure 

In dealing with osmotic pressure and the various relations which depend 
upon It we have not examined hitherto with care what the possible 
molecular mechanism of the pressure may be We have spoken of a 
dissolved substance as functioning as a gas, and the simple concept that 
a dissolved substance in dilute solution not only acts like a gas in respect 
of Its osmotic pressure but is in effect identical with a gas, has been ac- 
cepted by mhny investigators as correct Others take the view, however, 
that in spite of the applicability of the gas laws to very dilute solutions 
of a non-electrolyte, the resemblance between a solute and a gas is only 
an apparent one In short, the osmotic pressure is not regarded as due 
to a bombardment of the membrane by the molecules of the solute , it 
IS doubtful whether any very laige number of the solute molecules ever 
reach the semipermeable membrane at all The important conclusion 
to which the balance of evidence seems to point is that the osmotic 
pressure is primanly connected with the solvent, and only secondarily 
with the solute ^ It is important to see how this view of the mechanism 
of the phenomenon may be reconciled with the well-established fact that 
thd solute (a non -electrolyte) in dilute solution appears to function as a 
gas with a high degree of accuracy It may be well to point out that 
the molecular bombardment view of osmotic pressure, though usually 
ascribed to van ’t Hoff, cannot in justice be so ascribed, for van ’t Hoff 
was careful, m bis onginal paper, to suggest two possible modes of 
operation without deciding between them {cf Vol I , Chap IV ) It is 
also* necessary to point out that the various osmotic relationships already 
deduced do not help us to decide what the actual mechanism of the 
osmotic effect may be These relations will not be affected by discard- 
ing the molecular bombardment concept and substituting for it the 
alternative view v hich is about to be discussed This is true even of the 
simple deduction given in Chap IV , Vol I , of the connection between 
osmotic pressure and the lowering of vapour pressure, for the osmotic 

1 This IS emphasised, for example, m Washburn’b Principles of Physical Chemistry 
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pressure was simply treated as equivalent to a hydrostatic pressure hpg 
The same is true, for example, of the more exact logarithmic relation 
deduced in Chap VI , Vol II 

Before passing on to consider the newer concept of the problem, 
we may refei to the osmotic pressure of colloidal solutions and emulsions 
in view of Einstein’s use of the term, osmotic pressure, in deducing the 
expression which was experimentally verified by Perrin (cf Chap I, 
Vol I) 

The only kind of pressure which we can ascribe to emulsion and 
colloid particles is a true bombardment pressure as a result of the kinetic 
energy possessed by the particles, this energy being energy of thermal 
agitation Owing to the relatively small number of these particles 
present m unit volume this pressure is exceedingly small Its origin, 
on the new view of osmotic pressure proper, is different from that 
exhibited by solutions of crystalloids In fact a colloidal solution re- 
sembles a gas much more closely than does a solution of a crystalloid 
A gas consists of particles, molecules, sparsely distributed throughout a 
given space, that is in presence of a medium of an exceedingly fine 
grained structure (the ether) Similarly a colloidal solution or an 
emulsion consists of particles sparsely distributed in presence of a fine 
grained structure, consisting of molecules of the liquid medium which 
are much smaller in size than the colioid or emulsion particles them- 
selves The true resemblance between colloidal solutions and gases 
forms the basis of Svedberg’s considerations already referred to in Chap 
I, Vol I Instead of using the term osmotic pressure for this kinetic 
bombaidment pressure exhibited by colloid solutions it would be pre* 
ferable to employ the term kinetic or thermal pressure The existence 
of thermal pressure is due to the equipartition of kinetic energy between 
the molecules of the medium and the colloid particles at a given 
temperature Naturally the same equipartition occurs between the 
molecules of the solvent and the molecules of the solute in the case of 
a true solution Owing to equipartition the mean kinetic energy is 
3/2 RT per mole, this, however, does not necessarily prove that 
osmotic pressure in true, solutions is due to the thermal agitation of the 
solute molecules In the account given of Perrin’s work (Chap I , Vol I ) 
we should therefore substitute the term thermal pressure or kinetic 
pressure in place of the term osmotic pressure, for as will be shown 
below, the new view of osmotic pressure attributes the effect m the case 
of a true solution to quite other causes 

The pnncipal argument against the gaseous bombardment view of 
osmotic pressure is the fact that a solution is a true liquid in the full 
sense of the term That is, between the molecules forces of cohesion 
exist which are of very large magnitude, owing to the close packing of 
the molecules and the very limited unoccupied or free space These 
large forces are exerted upon solvent and solute molecules alike (The 
solute molecules are also hydrated probably, but this does not enter 
into the question at present ) Of course, in the interior of a liquid the 
forces of cohesion cancel out, and the molecules are quite free to move 
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within then limited space At the surface, however, there is a resultant 
inward pull exerted upon every molecule which tends to prevent their 
escape tor this reason the vapour pressure of the solvent never rises 
to excessive values, and in many cases the vapour pressure of the 
solute IS too small to be measured That is, the bombardment pressure, 
whether of the solvent molecules or of solute molecules actually exerted 
upon the surface of the containing vessel is a telatively small quantity 
We may regard the question, as has recently been done by Tinker {Fhil 
Mag ^ 32 > 295, 1916, ibid ^ 33 , 423, 19^7) from the standpoint of 
Dieterici’s equation (cf Chap II , Vol I ) 

First of all let us consider the pure solvent alone According to 
Dieterici, a pure liquid possesses what may be called a liquid pressure, 
which IS identical with the thermal pressure already referred to— in the 
case of a liquid which can function as a solvent, we shall use the term 
solvent pressure instead of liquid pressure This solvent pressure is 
denoted by the symbol tt is connected with the free space in the 
liquid and with the temperature by the ordinary gas law The solvent 
pressure is the pressure exerted on unit area tn the interior of the liquid 
It is a quantity which cannot be measured directly, for any diiect 
measurement involves a surface of discontinuity at which the observed 
bombardment pressure is very much less than ir If the volume of the 
liquid IS V and the actual volume occupied by the molecules is h, the 
free space in the pure solvent is (V - h) and the following relation 
holds — 

ir{Y - ^) = RT 


!r is a kinetic or bombardment pressure identical in origin with the 
pressure actually asserted by a. gas Although rr is a real quantity, it 
cannot be measured directly for the reasons given above In liquids, 
i IS nearly identical with V itself It follows, therefore, that tt is a very 
large quantity The term R refers to the number of gram-molecules of 
liquid present in the observed volume, V According to Dietenci, the 
observed boundary pressure/ of the liquid is connected with tt by the 
relation — 

p = 


where A is the work done by the molecule in reaching the surface 
Since A is large m general, the exponential term is small, that is, p is 
small compared with tt 

Now let us consider a dilute solution of a non-volatile solute In 
the intenor of the solution the solute exerts a bombardment pressure 
TT. given by the relation — 

w.{V - b') = R,T 


where b' is the volume actually occupied by the molecules of the solvent 
and solute, the term (V - b') denoting the free space in the solution, 
and Rs refers to the number of gram-molecules of solute present m 
volume V In general Rj is much smaller than R previously referred 
to for the pure solvent alone, because in a given volume of solution 
there are many more molecules of solvent than there are molecules of 
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following approximate values are quoted from a table given by Traube 
(cf Lewis, Trans Faraday Soc V stands for gram-molecular 

volume m c cs 


Substance 

V 

b 

V- 6 

Water 

i8 

174 

0 6 

Methyl alcohol 

39 5 

33 

65 

Carbon disulphide 

588 

47 5 

II 3 

Acetone 

724 

563 

16 I 

Methyl acetate 

77 4 

61 3 

16 r 

Benzene 

865 

703 

16 2 


On the above theory the osmotic pressure of an ideal solution 
depends upon the fact that there is a difference between the values of 
the solvent pi essure in the pure solvent and in the solution respectively 
Let us denote the solvent pressure in the pure solvent by tt and its 
value in the solution by tt' We have been considering an ideal solu- 
tion as defined by Tinker (It will be shown later that in non-ideal 
solutions, t e those in which the molecular volume of the solvent is 
altered as a result of addition of solute, the resulting osmotic pressure 
is a more complex phenomenon, involving the intrinsic or cohesion 
tension of the solvent as well as its liquid thermal pressure For the 
present we are dealing with the ideal case, however ) 

The above statement that the osmotic pressure of an ideal solution 
involves the difference of tt and tt does not mean that the osmotic 
pressure P is simply tt — tt^ This is not the case To find the con- 
nection between P and tt let us carry out the following simple ther- 
modynamical cycle at constant temperature 

Consider a solvent and a solution each of practically infinite size. 
Suppose one mole of solvent is transferred from the pure solvent to the 
solution Work is done in the transfer which can be reckoned in terms 
of the solvent pressure The maximum woik is RT log tt / tt', provided 
the general relation, tt (V — = RT, holds good, as is assumed in ^ 

Tinker’s treatment of the problem The gram-molecule of solvent is 
now removed from the solution reversibly by means of a semipeimeable 
membrane, osmotic work being done upon the system The volume of 
one gram-molecule of the solvent is supposed to be the same, viz Vi, m 
the solution as it is in the solvent, since the solution is an ideal one The 
maximum osmotic work done upon the system is therefore PVi The 
gram-molecule may now be added without further work to the original 
solvent and the cycle is complete Since it is isothermal the total work 
is zero, or — 

RTl0g7r/7r' - PVi = o, 
or ^ ^ 

Since the solution is dilute tt does not differ greatly from tt and we 
can write log x/tt' — (tt - '7r')/7r 
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Hence P = ^ • • • (la) 

For a given solvent at a given temperature RT/Vj is a constant, and 
therefore P oc (tt - 5 r')/jr' This is the relation between the osmotic 
pressure P and the solvent pressure ir m the case of an ideal solution 
This view attributes the phenomenon of osmotic pressure to the solvent 
primarily 

It has already been stated that at osmotic equilibrium, t e when 
the solution is under an applied external pressure identical m magnitude 
with the so-called osmotic pressure of the solution, the solvent pressure 
IS the same in the pure solvent and in the solution, provided the solu- 
tion is an ideal one This may be demonstrated as follows Suppose 
one mole of solvent is transferred isothermally and reversibly from the 
pure solvent to the solution The maximum work is RT log tt/tt' 
When equilibrium exists this work term must be zero, that is, when 
TT ^ 7 r\ te when the solvent pressure is the same on both sides of the 
membrane 

In the foregoing, we have been considering ideal solutions, z e those 
tn which there is no contraction or expansion of the solvent on mixing — 
although as will be shown later this does not necessarily mean that the 
final volume is exactly the sum of the two separate volumes of the con- 
stituents prior to mixing — and furiJur no luat effects accompany the 
act of mixing In the ideal case, which is very nearly realised by dilute 
solutions of sucrose in water, it is an experimental fact that the gas law 
IS obeyed with a high degree of accuracy The demonstration that the 
applicability of the gas law is to be anticipated (in the limiting case) on 
the basis of Tinker’s theory, viz that osmotic pressure is essentially due 
to a modification in the solvent pressure, will be given later 

In the case of non-ideal solutions, it has been shown by Bancroft 
(Journ Physical Chem , 10 , 322, 1906) that even when the solutions are 
dilute, the gas law is not nearly obeyed, if marked heat effects accom- 
pany the admixture If heat is evolved on mixing, the osmotic pressure 
IS considerably greater than that calculated on the basis of the gas law , 
if heat IS absorbed, the observed osmotic pressure is considerably less 
than that calculated. 

It is almost impossible to see how such statements can be explained 
on the basis of the bombardment view of osmotic pressure, the bom- 
bardment being due to molecules of the solute On the other hand, 
considerable modification in the value of P is to be anticipated on the 
basis of the solvent pressure theory of osmotic pressure, when marked 
volume changes accompany admixture , and marked volume changes 
are accompanied by marked heat effects This point will now be 
considered 

Equation (i) may be taken as characteristic of an ideal solution 
It gives the relation between P and ^ for such a case We have now 
to consider a non-ideal solution From our present point of view its 
divergence from the ideal consists principally m the fact that the 
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molecular volume Vi of the solvent in the pure solvent differs from its 
value V'l in the solution Let us suppose the same thermodynamic 
cycle carried out as was required for the deduction of equation (i) The 
maximum work of transferring one mole of solvent from solvent to 
solution IS RT log tt/tt' We now remove a volume V'l of the solvent, 
i e its gram- molecular volume in the solution, from the solution to 
a pure solvent state which may be called pseudo-solvent, and which 
differs from the ordinary solvent in that its gram- molecular volume is 
V'l in place of being Vi This pseudo-solvent stage consists of pure 
solvent either under external pressure or in a state of distension,^ 
depending on whether Vi is greater or less than The maximum 
osmotic work of removing one mole of solvent from the solution to this 
pseudo-state is PV\, and in writing down the final work term a negative 
sign has to be placed m front of this expression because it represents 
work done upon the system We have now an isolated mole of solvent 
m a state either of compression or distension We have therefore to 
alter its volume from to Vi, and as a result of this operation the 
solvent will be once moie in its normal state and may be added to the 
original vessel containing solvent without any further work being done , 
at the same time the cycle is completed The above operation of 
altering the volume of isolated solvent from V'l to Vi means work done 

by or upon the cohesion or intrinsic tension K The work is 

Adding the work terms together and equating to zero, we obtain — 

RT log — PVi + f = o 

It will be observed that the fact of the solution being non-ideal, t e 
V'l =1 V'l, introduces the additional term involving the intrinsic tension 
or cohesion K Now assuming with van der Waals that K can be 
written a-) a/V\, the above relation becomes — 

RT log tt/tt' — PV'i + ”* ^ i)/^i^ 1 


whence 


-r. RT , TT 


«(Vi - V'l) 


(2) 


When Vi is greater than V'l, i e when the solvent contracts on being 
mixed with solute, P is abnormally great On the other hand when Vi 
is less than V'^, t e when the solvent expands on admixture, P is ab- 
normally small In the ideal case when the volume of the solvent is 
the same in both, the correction term, involving cohesion, vanishes 
For this reason cohesion had not to be taken into account in the 
deduction of equation (i) In the above non-ideal case, marked 
volume changes will introduce corresponding changes in P When 
contraction of the solvent occurs, the molecules are drawn together by 
the cohesion and we expect a loss of potential energy which will mani- 


1 Such a state has been realised experimentally by Worthington and others, cf 
Poyntmg and Thomson, Propertus of Matter, p 122 
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fest Itself as evolution of heat When heat is evolved on admixture, 
we would expect therefore that the osmotic pressure P would be 
abnormally great In the converse case P should be abnormally small 
This IS in agreement with the conclusions to which Bancroft has come 
Equation (2) is the osmotic pressure equation, in terms of the 
solvent pressure, foi non-ideal solutions Of course the two terms on the 
right-hand side of the equation are interdependent Thus, in the ca‘^e 
in which the solvent expands on admixtuie (? e the case in which the 
final term is negative), it is evident that the molecules in the solution 
will be on the whole more sparsely distributed than in the case in 
which the volume of the solvent lemained unchanged Hence ir' will 
be abnormally low, and therefore the first term on the right is abnor- 
mally high, and thus tends to annul the negative effect of the cohesion 
term As a result of this, P remams a positive quantity On the other 
hand, when contraction of the solvent occurs, the molecules are closer 
together, and the liquid pressure it is greater than it would be in the 
ideal case Hence the first term on the right is abnormally low undtr 
those conditions which make the second term positive In some cases 
of this kind •jt must be equal to tt^ and the osmotic pressure is entirely 
determined by the positive final cohesion term Now cohesion is in- 
timately connected with surface tension, and hence in such cases there 
will be a connection between the surface tension and the osmotic 
pressure This, according to Tinker, is the probable basis of Traube’s 
surface tension theory ’’ of osmotic pressure 


Relation between the Osmotic Pressure and the Vapour Pressure 


It IS well known that the vapour pressure of the solvent over the 
pure solvent is greater than its vapour pros'- ure over the solution In 
the case of an ideal solution, this is due to the fact that the solvent 
pressure m the interior of the solvent is greater than the solvent piessure 
inside the solution, for the greater the solvent pressure, the greater, 
ceteris paribus^ the vapour pressure Tinker assumes that they are 
related to one another by the Dieterici expression, mz — 

Vapour pressure over pure solvent = /q = tt and 

n „ „ the solution ^ p ^ -V <?- a / rt ^ 

If A IS the same for pure solvent as it is for the solvent in the solution 
then p^jp = ttItt', and the solvent pressure concept explains the fact 
that the vapour pressures in the two cases are different For non-ideal 
solutions, the value of A cannot be regarded as the same in both, and 
therefore the simple relation between tt and p breaks down The A 
term of Dietenci is of course a measure of the cohesion K 

In the case of the ideal solution, A being the same for pure solvent 
and for solvent in solution, we can substitute p^jp for ttItt' and hence 
equation (i) gives us — 


P = logpolp 

which is the relation already deduced in Chap VI of this volume 
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Further, on applying external pressure to the solution, so as just to 
prevent osmosis, we have seen that this leads to an increase in the 
solvent pressure in the solution so that t becomes identical with tt 
U nder these conditions we would expect on the basis of the solvent 
pressure concept that the vapour pressures should become identical 
This identity in vapour pressure at osmotic equilibrium is a thermody- 
namic necessity, for on transferring one mole of solvent from the solvent 
to the solution, ma the vapour, the work is RT log and this must 
be zero at the equilibrium point, t e /o — / This effect of external 
pressure on the vapour pressure over the solution is considered from 
the purely thermodynamic standpoint in greater detail by Porter {cf 
Chap IX) 

Some Experimental Results — So far we have regarded the solvent 
pressure concept of osmotic pressure as a useful working hypothesis 
We have now to consider the limited expeiimental evidence which is 
available at the present time We are again indebted to the work of 
Tinker {Proc Roy Soc , 93 , A, 268, 1917), who has studied the selective 
properties of the copper ferrocyanide membrane, by measuring the 
change in the concentration of a solution of sucrose in water which 
takes place when the dried colloid is immersed in solutions of various 
strengths As a result of adding the colloid it is found that the solu 
tions become stronger, % e the ratio of sucrose to water increases owing 
to the fact that the water and not the sugar is taken up selectively, by 
adsorption by the ferrocyanide The amount of adsorbed moisture taken 
up by the colloid decreases as the strength of the solution with respect to 
sucrose increases This is a fundamental observation for it indicates that 
the membrane takes up more moisture from pure water than it does 
from an aqueous solution, so that, if pure water be on one side of the 
membrane and a solution on the other, the concentration of water in 
the membrane on the pure water side is greater than its concentration 
on the solution side, with the result that there is a tendency for water 
to flow into the solution, i e osmosis occurs To prevent osmosis a 
hydrostatic pressure must be placed upon the solution Provided the 
pressure is applied to the solution only and not to the pure solvent as 
well, the application of the pressure increases the amount of moisture 
taken up by that part of the colloid m contact with the solution , and 
when a hydrostatic pressure equal to the osmotic pressure is placed 
on the solution the moisture pressure and its concentration become 
uniform throughout the membrane, osmotic flow then ceasing Tinker 
further mentions that some unpublished work by A J Brown and 
himself indicates that if the pressure be placed upon the membrane as 
well as upon the solution the amount of water taken up by the colloid 
does not increase Adsorption is evidently the factor which determines 
the suitability of a given membrane as regards semipermeability , ad- 
sorption is not the cause of osmotic p-essure 

Intrinsic Pressure and Solvent Pressure — We must be careful to dis- 
tinguish the term solvent pressure from the internal, intrinsic 01 cohe- 
sion pressure or tension already discussed in Chap III , Vol II This 

13 
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The error is not appreciable, however, so long as n is small conmared 
with N, that IS, so long as the solution is dilute Hence, van t tiott s 
expression will apply to a very dilute solution even though is not 
strictly ideal The order of magnitude may be estimated in the follow- 
ing way Consider a decinormal solution in water, and as an extreme 
case let (Vg ^ + e) == io(Vi - We then have n/N - 1/550 

and (N + ^)/N = unity approx Hence, 

l.fi - (V2 - h + ^ -L approx 

NV Vi - ) 60 

That IS, the error of wnting ir/'jr' = (N + «)/N is i/6o on unity or 

less than 2 per cent 1. , -u f 

It IS evident that the error is mainly determined by the nurnber ot 
solute molecules added to the solvent If not many are added, te 1 
the solution is very dilute, their influence on the mean free sp^e F in 
the mixture is swamped by the influence of the solvent In such a case 
we can write approximately — V'l - But in all cases it is 

accurate to write (V\ — di) — (V^2 “ ^2)* since each of these terms is 
simply F Hence in the particular case examined we have— 

V'2 ^ ^2 = V'l - ^1 = Vi - ^1 

That is, in a very dilute solution the average fiee space allotted to each 
solute molecule is practically identical with the free space per molecule 
of the pure solvent It follows therefore that the molecular volume Vg 
of the pure undissolved solute may be altered very much by dissolution, 
for its new value in the solution, viz V'2, is now equal to (V^ -1- ^2 “ 1) 
Under conditions therefore in which the molecular volume of the solvent 
remains practically unchanged^ the molecular volume of the solute may [and 
in general will) he altered considerably 

The Conditions under which the Process of Mixing Involves no Change in 
the Volume of the Components, 1 e the resulting volume is exactly 
equal to the sum of the separate volumes 

Using the notation of the preceding section, we have to find the 
conditions under which ne ^ o 

The mean free space per molecule of either kind in the solution has 
been denoted by the symbol F which is equivalent to - hi Hence 
equation (6) previously obtained may be written thus — 

V'l - h ^ ^ (. _ (V2 - h + e)\ 

Yi -- hi ^ “ N + n\ Vi - ; 

It follows therefore that 

Vi - V'l _ n (• (Vi - h) - (V2 - h + ^) '| 

Vi - ^1' " N + n\ yi- h J 


or 


(N + «){Vi - V'l) = « ((Vi - 3i) - (Va - ^2 + e)) (7) 
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Tinker {ProCy Roy Soc ^ 92 , A, 357 (1916)) gives the average size of 
particle for different substances — 


Membrane 

Copper ferrocyanide 
„ silicate 
Lead silicate 
Peptone tannate 
Barium sulphate 
Silver chloride 


Diameter of Particle 
o I to o 4/x, 

02 „ o 5 /a 
o 6 ,, 0 8/x 
o 5 „ I O/l 

coagulate into large particles 
3 to 4 /a in diameter 


Each of these visible particles is itself an aggregate of smaller colloidal 
particles There are therefore two sorts of pores, those between the 
aggregates and those penetrating each aggregate No sharp distinction 
can be drawn between them Tinker estimates that the smaller pores 
possess a diameter of about lo/x/x, the larger pores a diameter of about 
50 fxfx The best semipermeable membranes are those with the smallest 
pores, but this cannot be the only criterion, for osmotic effects have 
been exhibited by membranes containing pores which are so many times 
greater than the diameter of a molecule that it is impossible to regard 
the membrane as offering any permanent obstacle to the diffusion of 
the solute on this ground alone Thus Bartell [Journ Phys Chem , 
16 , 318 (1912)) has shown that osmotic effects become noticeable 
even with a pore diameter of qoo/a/a, and are quite appreciable with 
a pore diameter of The semipermeability is evidently a ques- 

tion of capillary selective adsorption of the solvent If the solute be 
preferentially adsorbed the membrane is no longer semipermeable in 
the ordinary sense The capillary effect may be modified by electrical 
effects Thus in the case of electrolytes Bartell and Hocker {Journ 
Amer Chem Soc , 38 , 1029 (1916)) have shown that m certain instances 
it IS possible to realise a negative osmosis, z e diffusion of the liquid 
from strong concentration to weak “The explanation which seems 
most reasonable is that the osmose is due to the passage of a charged 
liquid layer along the capillary tubes of the membrane under the driving 
force of a difference of potential which acts as though it were set up 
between the two faces of the membrane The charge of the movable 
liquid layer is determined by the charge which the porcelain [the 
membrane employed by Bartell] assumes when immersed in water, but 
this charge may be altered by selective adsorption of 10ns when the 
membrane is brought into contact with solutions of electrolytes ” 

These capillary and electrocapillary views, it must be understood, 
refer only to the possible mechanism of semipermeability of membranes 
This IS quite distinct from the origin of osmotic pressure itself, which 
has been attributed to a difference between the value of the solvent 
pressure throughout the body of the pure solvent, and the value of the 
solvent pressure throughout the body of the solution 

Stress must be laid on the fact that the views expressed in the fore- 
going sections regarding the origin of osmotic pressure are at the present 
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tune to be regarded as tentative They represent the treatment of 
tne subject to a large extent by a single investigator They have been 
discussed at some length, however, because in the present writer's 
opnion they represent the most satisfactory treatment of the mechanism 
ot osmotic pressure available at the present time 

In the further consideration of the properties of solutions, given in 
t e present and in the succeeding chapter, it is not necessary to make 
any assumptions regarding the ultimate mechanism of osmotic pressure 
e experimental fact is that dilute solutions exhibit a close quantitative 
am 0^ to the behaviour of gases, in that the gas law is more or less 
o eyed ^According as this analogy holds or not we shall speak of 
normal and “ abnormal behaviour on the part of the solute 


MODERN THEORY OF DILUTE SOLUTIONS OF ELECTRO- 
LYTES 

As already pointed out in Vol I (Chap V ) the outstanding pro- 
blem m connection with dilute solutions is that known as the anomaly 
o strong electrolytes, viz the fact that such substances do not obey 
me law of mass action in respect of the equilibrium between the un- 
dissociated molecules and the ions, the concentrations of these 
con^ituents being determined by the conductivity method 

The investigations lof this problem from the standpoint of thermo- 
dynamics, which have been pursued for a considerable number of years, 
ave gr^ly extended our knowledge of the behaviour of such solu- 
lons This advance, as will be inferred from the references given below, 
has been made chiefly by the American School of Physical Chemistry 
speaking, two lines of approach have been followed In 
tne nrst, the idea of actual concentrations of ions and undissociated 
mo ecu es is regarded as the fundamental factor in determining the 
equilibrium between the different species As a measure of such con- 
centrations the conductivity method is regarded as reasonably correct 
bmce the law of mass action, expressed in such concentration terms, 
^ taown not to apply— which means, as the thermodynamic deduction 
t the law implies, that in the case of strong electrolytes the osmotic 
pressure either of the molecules or of the ions (or of both) does not obey 
the gas kw— attempts have been made to find a modified law of mass 
achon which would reproduce the actual behaviour of the molecular 
and ionic speaes considered That is, the osmotic pressure of a species 
J regarded as simply proportional to the concentration 
expressed by means of empirical co- 
£ 1 ® treatment which is 

m Bates’ paper, it is necessary, in order 

•'>' 

mode of treatment, not only is the conductivity 

molerale?f^^pWh”^* concentration of ions and 

conductnaty method, if valid, would undoubtedly 

kue for active mass is no longer regarded as 

true In place of this, a new and more subtle concept is introduced. 
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namely, effective, concentration or activity These terms will be defined 
in their proper place when we are dealing with the work of G N 
Lewis, A A Noyes, Macinnes and others This method of attack 
correlates the various thermodynamic relationships which we have al- 
ready dealt with in connection with solutions in general, vi% the 
lowering of the freezing point, low^ering of vapour pressure, rise of 
boiling point, electromotive force of concentration cells, and the law of 
mass action itself 

This method is virtually a new way of expressing the law of mass 
action, in which a wider significance is given to the term active mass 
than is given by identifying it with mere concentration This new idea 
which has been arrived at from the point of view of thermodynamics, 
in the first place by G N Lewis, finds its counterpart or complement in 
molecular-mechanical terms thiough the introduction by the writer of the 
quantum hypothesis into oidinary or thermal chemical reactions A tenta- 
tive suggestion in this connection is made towards the end of this chapter 

We now proceed to take up in a little more detail the two lines of 
investigation, or modes of treatment referred to above In doing s^ it 
is to be clearly understood that the sections headed Degree of Dis- 
sociation and the numerical value of the equivalent conductivity at 
infinite dilution , Osmotic Pressure and concentration in solutions of 
electrolytes and the calculation of the degree of ionisation , Reaction 
Velocity m relation to the osmotic pressure of 10ns and molecules, 
Ionisation in formic acid solutions — ^these sections belong to the first 
mode of treatment of strong electrolytes, whilst the remaining sections 
are illustrative of the second method 

The Degree of Dissociation and the Numerical Value of the 
Equivalent Conductivity at Infinite Dilution 


An interesting relation has been pointed out by G N 
{Journ Amer Chem Soc,Zi, 1631, (1912)) between the magnitude of 
Aoo and the values of A„/Aoo at a given concentration, ^ 
of acids, bases, and salts of the uni-univalent type The point is 
illustrated in the following table in which the electrolytes are grouped 
according to the value of The particular “f^ntra ion chosen 

for comparison is decinormal, and the value of Avl^co 
concentration. Temperature i8° C 


Number of Electrolytes 

Aoo 

Ay/Aoo 

Examined 

2 

390—370 

0 923 

2 

220 — 200 

0 895 

12 

140 — 130 

0 860 

4 

10 

130 — 120 

120 — 100 

0 831 

0 833 

5 

100 — 90 

0 819 

2 

80— 70 

0 779 

3 

70 — 60 

0 761 
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It IS evident that the values of dimmish, ie the degree of 

ionisation apparently diminishes with decreasing “There is 

no mg m the present theory of electrolytic dissociation which would 
ena e us to this result, and the question arises as to whether 

e van^ion in A^/A^ means a real variation in the degree of dissocia- 
highest values of are those of hydrochloric and 

f-Vi ^ 5 3 .nd o 921 Lewis deals with this question from 

s an point of the transport numbers of the various 10ns, which, 
to many measurements, show a variation with the concentra- 
electrolyte The conclusion arnved at is that HCl has the 
^ dissociation as KCl, z e the simple conductivity expres- 
quantitatively correct owing to the change of mobility of the 
in concentration, the change being in the sense that yfith increase 

mobility increases This effect, if it 
existe, is thus in the opposite sense to that due to viscosity 

rpalixT legitimate, provided that the true transport numbers 

hnn^m f This, however, has been called in ques- 

siihst-ann ^ ti, etitained by means of the reference 

substance method of determming transference numbers 

in Lewis’s suggestion regarding a possible increase 

whilft f ^ mty of an ion as the concentration increases, it is woith 
L A K scuic stnking results obtained many years 

dfff.rJnf rate of diffusion of HCl mto NaCl solutioL of 

trS tL 1? w ‘Irat the more concen- 

S? thi greater the diffusion coefficient of the HCl 

^ nhnn r ^ This IS illustrated by the following data A 

with respect to HCl and at the same time o r 
'“to a column of liquid o i molar 

diffusion coefficient of the acid, * e the 
hydrogen ion, was 2 50 , i- 

solution, likewise 104 molar with respect to HCl and 
nf win ° to NaCl, diffused mto a solution 

now ri’ T° diffusion coefficient of the hydrogen ion was 

coeffioent diffusion took place mto pure water the diffusion 

nr^ * 7 1 ^'“dar results were obtained with NaOH 1 The 

pr^ence of electrolyte appears to mcrease the rate of diffusion of the 

mnoK 1 * diffusion coefficient here observed is large, 

MndiiiS considered above in dealing with equivalent 

of ^rhlhEin ^ ^°wevei, that no adequate explanation 

of the behaviour observed by Arrhenius has as yet been suggested 

mcr^m th^ coeSicient falls with 

IS comieSed °’’®^rved byArrhenius 

189 Cf. also Oholm’s results Quoted m Cte? !x“, C/i^misn-y, p 
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Osmotic Pressure and Concentration in Solutions of Electro- 
lytes AND THE Calculation of the Degree ot Ionisation 

This subject is dealt with by S J Bates [^Journ Amer^ Chem 5 ^^ , 
37 , 1421 (1915)) In the discussion given below Bates own words 

have been employed extensively 4 1 i,«r 

The divergence of strong electrolytes from Ostwalds dilution a 
may be due to abnormality in the behaviour of the 10ns, to abnormality 
of the undissociated molecule, or to abnormality in both Ihis so 
called anomalous behaviour may be simply expressed \hm for one or 
for both of these molecular species van' t Hof s law ttV = R 2 does not 
hold, for if all of the molecular species entering into an equtltbrmm ot>^ 
this law, the law of mass action is a thermodynamic necessity (5^ Wasti- 
\>^sxs,Journ Amer Chem Soc , 32 , 485, (191°)) The symbol w denotes 
osmotic pressure on Bates’ nomenclature (It is not to be con use 
with the x of the earlier part of this chapter ) We have already seen 
in Chap V that the gas law is assumed for all the constituents t^ing 
part in the reaction in order to deduce the law of mass action tor a 
gaseous system The same must be true of the osmoUc pressures of 
all the reacting constituents in a solution in order to deduce the law ot 
mass action in this case also 

The object of the present considerations is to develop and apply 
methods for determining the numerical relation which holds, in place ot 
that given by van ’t HofFs law, between the osmotic pressure of the 10ns 
and their concentration, and the similar relation for the undissoaated 
molecules, with the further object of studying each effect separately as tar 
as possible in the case of strong electrolytes, 2 e systems which do not 
obey the law of mass action The calculations will be based upon the 
assumption that the degree of ionisation may be determined from conduc- 
tivity data, i e that -y = A ij/A^ijo 


Principle of the Method Employed by Bates 

If It be assumed that, in a solution of adi-ionic electrolyte, eg. KCl, 
the osmotic pressure due to one of the ions is equal to that due to 
the other, then thermodynamics yields for equilibrium m solution the 
rigorous relation — 

2<i7rt/Ct “ dTrJdu = 0 * 

icf Washburn, loc cit), where ir, and 7r« are the osmotic pressures due 
to the 10ns at the concentration C„ and the undissociated molecules at 
the concentration C« respectively It follows at the same time that— 

5r = 2ir« (^) 

that IS, the total osmotic pressure w of the solution is the sum of two 
effects, one, the osmoUc pressure of the 10ns, the other, that of the un- 
dissociated molecules If now C, and C„ are calculated from conduc- 
tivity data, and if the total osmotic pressure of the soluUon be hnowp 
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(either from diiect measurements or from fieezmg point determinations), 
it IS possible to determine, for any concentration interval for which data 
are available, the relation between tt^ and and the relation between 
and Cu , for there are two equations and two unknown quantities, 
TTt and The first point therefore is to calculate the total osmotic 
pressure tt from freezing point data 

Calculation of Total Osmotic Pressure from Freezi 7 ig Point Data — 
From the lowering of fieezing point, A/p, the total osmotic pressure 
may be readily and accurately calculated by means of the equation 
(Washburn, loc cit ) — 

TT =5 12 o 6 (A 4 - I 78 X IO”^A2fp^ - 2 5 X (3) 

It is convenient to compare osmotic pressures at 0° C , and Bates shows 
that the temperature correction to be applied — which is a small one — 
causes the pievious equation to take the form — 

TT = 12 06(1 + o ooi88A/r)A/r (4) 

This equation gives within a few hundredths of i per cent the 
total osmotic pressure at o® C of solutions as concentrated as o 2 N, 
and, within o 2 to o 3 per cent the osmotic pressure of solutions up 
to o 5 N This correct mode of calculating osmotic pressure from 
freezing point data must be borne in mind, for, as will be shown, the 
usual method of calculating osmotic pressure fiom the freezing point — 
by using the lowering of freezing point to calculate the van ’t Hoff 
factor t and then calculating tt by means of the empirical relation 
ttV =! /RT — IS erroneous in this respect, that it assumes implicitly that 
the ions and the undissociated molecules obey van 't Floff’s law (gas 
law) We know that this cannot be true for both sorts of individuals 
simultaneously (and may not be true for either) as this assumption 
would necessitate the applicability of the law of mass action for the dis- 
sociation of any electrolyte 

The above argument may be restated in the following way Suppose 
that one mole of KCl is dissolved in V liters of solution Owing to 
dissociation there are (i - x) undissociated moles, x cations and x 
anions, the total number of individuals being (i + .t), where (i + is 
identical with van ’t Hoffs factor z Now suppose that the 10ns and the 
undissociated molecules obey the gas law If tt^ is the osmotic pressure 
of either of the 10ns and tt^ the osmotic pressure of the molecules it 
follows on the above assumption that — 

= RT^ for the cations 
ttH = RT^ for the anions 

TTttV = RT(i - x) for the undissociated molecules 
Hence 27 rH + = 2:rRT + (i - :r)RT, 

or ( 27 r, + 7 r)Y = RT(i + ^) = zRT 

But, as already pomted out, it is necessarily and fundamentally true 
that the total observed osmotic pressure tt is given by — 


and therefore, 


TT = 27r^ + TTn 

ttV = /RT 
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which IS the relation usually taken to be true “ ^akulating ^ 
therefore indirectly and w) from freezing 

relation is incorrect in that it assumes that he ^iSrcannot 

the undissociated molecules obey the gas law, obev the law 

be true, since ionisation of a strong electrolyte does not obey the 
of mass action (A different mode of demonstrating his very 
conclusion due to Bates will be given l^kr) refened to in 

to the calculation first earned out by diocmtion 

Vol I Chap V It may be pointed out, however, that the a , , 

Sculated from the freezing point data by the above (mroneous) method 
arTreeq fairlv well with that obtained from conductivity data ihis 

S i Soiril® « d« B the act U.. ,1» demoon of f;»» 

the gas law in one direction is nearly compensated by the deviation o 

object 

the case of a strong electrolyte such as KCl, the osmotic pressure 
exerted by the undissociated molecules and by the ions (as d^^^^Je^iate 

the molecules) in older to see whether one sort or both sorts deviate 
,t? Htffs law, and thereb, cause ,h, to of «asa aooon >0 be 

maPDlicable It is assumed that the concentration of the ions U ana 

of the undissociated molecules C„ can be “^tamed ^^J^^ 

conductivity expression, the symbol y being u^d to Jno^e mn^sa 
tion coefficient determined by this method Whe” the terms k ana 
r occur It IS to be understood that they are determined directly ny 
&ndu?tmty At the same time we require to know the total osrno^ 
prlsSl of the solution and this is to be understood as duectly ob- 
Lnable from the freezing point data by means of equation {4) 

Equation (i) may be written in the form 

2(1 — — 7 dTTu o is) 

By differentiating equation (2), multiplying through by y and adding 
the result to (5), we obtain 

dwt = 


( 6 ) 


From the differential calculus we have 

Cidrr — TrdCt 

C\ 


d{TrlCt) = 


and therefore, 


4- 

dC,'' C, dlog Q ‘ 


* ( 7 ) 


(7a) 


and from (6) 


cItt 

lE 


, _ y ifir _ ir« JT- . 

2 dCt 2LC 2 303 logio 


( 8 ) 


Th» .sp.ess.» cu b. med to 
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data, for tt is the total osmotic pressure of the solution and C is the total 

concentration of the salt The value of ■ 5^—— — may be obtained 

a log Ct 

graphically or algebraically Having thus evaluated the right-hand side 
of equation (8) we obtain values of at a series of dilutions 

From this by integration — as will be referred to later — we can obtain 
values of ttJC*, z e the actual osmotic pressure of an ion divided by the 
concentration of the ion In order to obtain similar ratios for the un- 
dissociated molecules, a procedure similar to the above could be em- 
ployed In practice, however, it is more convenient to use a different 
method 

By eliminating K, Q, and C« from Storch’s equation,^ mz CA/C^ = K, 
from the differential equation obtained derived from this (Q and 
being taken as the variables), and from equation (i) we obtain the 
relation — 


5c« “ ^ 2c; 

That IS, having determined {dTr^jdC^ and values for (already calcu- 
lated by Journ Amer Chem Soc, 35, 519, (1913)) over a given 
concentration range, it is possible to calculate {dTrujdCu), and hence 
by integration to determine the osmotic pressure of the undissociated 
molecules as a function of their concentration 

Experimental Illustration Fotassium Chloride in Aqueous Solu^ 
iion The table which follows contains details of the above calculation 
applied to KCl In the first column is given the concentration of the 
salt in equivalents per liter (C) , in the second, the corresponding 
values^ of the lowering of freezing point, A/p, divided by the concentra- 
tion n of the total salt expressed as moles per 1000 grams of water 
These data are due to Flugel [Zeitsch phys Chem ^ 79, 5^5, (1912)), 
J^n {^bid^ 50, 129, (1904) , ibid , 69, 31, (1907)) , Loomis {Wied Ann , 
57,495 (1^9^)), Barnes Nova Scot Inst Sci ^ 10, X53), and to 

Noyes and Falk {Journ Amer Chem Soc ion, (1910)) From 
known density determinations, values of A^p/C were obtained from the 
va^es of A/p/«, and then, by the aid of equation (4), the values of 
tt/C -t- RT were calculated. These are given m column III 

By dividing the data of column III by the degrees of dissociation 
y the values of (tt/C*) ~ RT were obtained (column IV ) These were 

then plotted against values of log C„ and the tangents ~ 

d log Q 

given in column V , were determined from the curve. 

Values of — RT were then calculated by means of equation (8) 


1 Tins equation is a puxety empirical one which applies to the dissociation of a 

^ Ostwald dilution ex- 

* The conductivity ^ta refer to C , but as Bates points out, the error due to 
the temperature change (down to 0 C ) is smaller than the experimental error itself. 
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1 Thf^ ficrures of the Storch coefficient no 

and are given in column VI ^ | data, and were used 

(column VII ) were >, _ by means of equaUon (9) 

to compute the values of (*r«/rfU) . > integrate the co- 

These values are ^Sues of log - ^ - RT) 

efficients m columns VI and VIII , values 01 g t 1 ua^^ldCu) 

„e» plotted .gains, values «, log C,, Unes. 

RT - i) against values of log 0 „ 

From the first curve it was found that 

i^^rJdC,) - RT = I - o 0552 C.« 

whence by integration— . 

(r»/C.) - RT = I - o 0457 C»» ^ • - 13 ; 

Similarly It was found that r oo«32 ( 13 a) 

(:r„/C„) _ RT = I + o 464 C« J 

From these equations the values Iljf^and X By adding the 

lSV^^tn"rd.”o.?= 1 . 1 ^-Sr.s an'^d . 3 . e.p».s 

the data with accuracy 
Calculation of 

Undissociated Molecules in „ q^^ta 

IDE FROM Freezing Point and Conducting Data 


0 001 

0 002 

0 005 

3 662 

3 638 

3 612 ' 

I 9708 1 2 0052 
*1 9578 2 0084 

I 9439 2 0246 

0 0055 

0 0216 

1 00548 

0 9866 

0 9835 

0 9833 

0 01 

0 02 
005 

3584 

3 553 
3498 

I 9293 2 0420 

I 9131 2 0672 

I 8852 2 1120 

0 0702 

0 100 

0143 

0 9791 

0 9766 
09703 

0 I 

1 0 2 

03 

04 

05 

3 457 
3 394 
3 359 
3*334 

3314 

I 8666 2 1626 

I 8380 2 2149 

I 8251 2 2590 

I 8173 2 2915 

I 8130 2 3171 

0 182 

0 231 

0 260 

0 280 

0 291 

09673 

0 9605 
0 9581 
09568 
0 9557 


I 407 1 375 ° 9725 ^ 354 

1 376 1 396 o 9685 I 375 1 

1 357 1 412 o 9658 1 386 

1344 1424 09640 1396 

1335 1432 09624 1403 
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In addition to the data for KCl, Bates has likewise recorded the 
less complete data for a number of other salts, NaCl, NaClOj, LiCl, 
NaNOs, KNO3, CSNO3, CUSO4, and MgS04 The general conclusion 
to be drawn is, that whilst solutions of salts become more normal in 
behaviour as the dilution increases, yet, even in solutions as dilute as 
o 001 N, neither the ions nor the undissociated molecules obey van V Hoffs 
law, i e the ratios (tt^/Q) — RT and (tt^/C^) ~ RT are not unity 

Behaviour of the Ions — ^The osmotic pressure of the 10ns is less than 
that calculated from the gas law This is true in every case, except for 
solutions of littiium chloride o r N and above , hydration is probably 
the cause of the exceptional behaviour The behaviour of 10ns may be 
represented within the error of the freezmg point determinations by an 
equation of the form — 

diT^ldC, = RT(i + kCp) (14) 

Behaviour of the Undissociated Molecules — The osmotic pressure of 
the undissociated molecules is considerably greater than that calculated 
from the gas law (van ’t Hoff’s law) In the case of the chlorides, the 
deviations continue to increase with the concentration , for the nitrates, 
a maximum is reached at about o 02 N The effect of hydration, 
according to Bates, is of importance Hydration is usually considered 
as increasing the osmotic pressure or the freezing-point lowering of a 
solution largely by lessening the amount of “ free ” water in the solution 
It has been foun^ however, by Bates that the osmotic pressures of the 
several constituents in a given solution are affected to quite a different 
extent The influence which hydration has on the 10ns is less than its 
influence on the undissociated molecules Thus in the case of the 
most highly hydrated salt, lithium chloride, and the slightly hydrated 
salt, caesium nitrate, at 0 3 N, the difference between the values of the 
rate of change of osmotic pressure with concentration is 16 per cent 
for the 10ns and 38 per cent for the undissociated molecules. It is 
evident that hydration has some effect besides that due to the removal 
of 'Hree ” water 

Electromotive Force of Concentration Cells — In the preceding chapter 
(Chap VII ) It has been shown that the simple osmotic theory of the 
production of emf of a cell reversible with respect to the cation 
leads to the expression — 

„ 2 v RT , , , . 

^ (x6) 

in which IS the osmotic pressure of the more concentrated solution, 
that of the weaker solution Wnting the osmotic pressure of the 
cation as directly proportional to the concentration, i e assuming van *t 
HoflTs for the ion and assuming at the same time that 7 as measured by 
conductivity is correct, we can substitute c^jci for the ionic concentration 
m the above expression On the other hand, by making use of equation 
(14), which purports to give the true Connection between the osmotic 

<9 
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pressure aad the concentration of the ion as determined by freezing- 
point, we obtain for the e m f of the cell the expression— 


2 V 


RT 


; -f z? 


log ra/fi - 1 - -fe* 


- ^r) 


(17) 


the values obtained by applying the simple expression of Nernst 

2 z; RT^ 

E = 


2/ + z; n¥ 


log 


^2 


EMF OF Concentration Cells of Potassium Chloride 


1 Concentrations 

EMF Observed 

EMF Calculated by 

Nernst’s Equation 

Bates’ Equation 

004985 001969 

0 03995 Q 01969 

0 03000 0 009924 

0 01992 0 009924 

0 02106 

0 01644 

0 02546 

0 01614 

0 02183 

0 01644 

0 02620 

0 01654 

0 02125 

0 01621 

0 02558 

0 01617 


Tnsoection of the figmes shows that equation 1^17; ..a. 

meS to »„s.dmbl. .c<»acy Tb» 

•H1£S"4'’ int 


Slum chloride 'it shows that 


Slum cmonuc xi v* — — u* 

electro-motive foice data are consistent mth e^ch other 

The Evaluation of the Degree of lomsation^Th^r^ ’SSSlal 

the following three assumptions which may be employ 
„«„ rf.l« de|™ of .o„«n .= ^ eo„d«.™.5..™co„.y 

"“l d».l.cule, 

% ^ fiTtfnl data show that in general only one of these assumptions 

'’'''Sj'Srr'Cw tb« tbrm»»le oto mad. of cataktmg tho 
degree of d,a»oa«;oo "oX^ 

— y boe C»d.,.S -fr 


S” Shroh. aaalfehy eho.n, .mpbes tat taump- 

«o» a o-ef 3 are a ™— ™ StSfl? 

='™y“reCU.a“t?ba.e— by — 

—that the acceptance of the one necessarily leads to the rejection 0 
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The differentiation of the mass law expression ^ 

elimination of K from this equation and the derived differential gives — 

~ = o 

This relation must hold if the mass law is obeyed By eliminating 
Ct and C„ from this equation and from the thermodynamic equation 
(i), {pi% 2dir^lCv - drculCit, = o), It is seen that the necessary and 
sufficient condition that the law of mass action should hold is that at 
all concentrations dirddCv = dirJdCu Now the computation of van ’t 
Hoff’s factor “ t ” from freezing-point data, and the consequent calculation 
of the degree of ionisation on this basis assumes that the ions and the 
undissociated molecules are normal That is, it assumes 

dir,ldC, = diTuldCu = RT 

which IS equivalent (compare relation just deduced) to assuming that 
the law of ihass action holds for strong electrolytes, which is contrary 
to fact Hence assumptions 2 and 3 cannot hold simultaneously 

It is to be remembered that the quantitative results obtained 
by Bates for the osmotic pressure of 10ns and molecules rest on the as- 
sumption that the conductivity-viscosity ratio gives a sensibly correct 
measure of the ionisation ^ That is, he considers assumptions 2 and 3 
as both invalid, and illustrates it by the data already quoted at length 
in the case of KCl All the values of and ttu which have been given 
rest on the truth of the conductivity method If the conductivity 
method were shown to be unsound, these values would of course lose 
their significance It is therefore very necessary — especially in view of 
G N Lewis’s work already alluded to — to examine more closely the 
conductivity method of determining y The arguments m its favour 
are cited bnefly by Bates as follows — 

Kohlrausch’s principle of the independent migration of 10ns affords 
a theoretical basis for the validity of the conductivity method of deter- 
mining y Kohlrausch’s principle gives a picture of the mechanism of 
electrical conduction in solutions, and the factors upon which conduc- 
tance depends, vtz the number of carriers, the charge upon each, and 
their mobility. The experimental determination of transport numbers 
also supports the conductivity method of calculating ionisation The 
experimental results show that up to about o i N there is no certain 
change in the relative mobihties of the ions Bates is here referring to 
the true transport numbers obtained by means of the reference substance 
method These values change much less with the concentration than 
do the Hittorf numbers ^ 

^ This does not refer to the criticism of the use of the van ’t Hoff factor ** t ” m 
connection with freezing point data, which is quite indefensible, as it involves two 
simultaneous assumptions which are incompatible The proof, just given, of the 
invalidity of the “t” mode of calculating dissociation is quite independent of the 
accuracy or inaccuracy of conductivity results 

® The constancy of the transport number does not necessarily indicate actual 
constancy in the absolute mobilities of the ions as the concentration is altered 
Suppose ffiat we assume with G N Lewis that the mobilities increase as concen- 
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Of course we must restrict ourselves to dJute solutions m employing 
the conductivity method, for in ‘=°“<^entrated solutions hydration be^ 
romes of importance and introduces complications [Note that we a 
^concentrated sot.t.ons nrjs. be a.o.ded be^e Ae ga 
law would break down That reason does not apply at all to conduc 
tivity It does apply to the question of the range over which assump 
tions 2 and 3 are to be regarded as even approximately true J 

The case of the hydrogen ion is particularlv important because of its 
great mobility Even in this case Bates considers that the best evidence 
Scates that Its mobility is constant ’ [If the mobility of an ion, not 
rSnspor. number, rho™ to be md.pend.n, ^ co«c»«tmn 
the case would be fairly well made out in favour of the conductivity 

method of determining ionisation] 

Bates finally concludes that up to o i N the degree of dissociation 
may be calculated from the conductivity-viscosity raUo withm a few 

tenths of i per cent 

We now turn to assumptions 2 and 3 

Against the method of calculating the degree of ionisation upon one 

or o^L of tb. n-o .».mp..onc, (c) tlu. .he “J ™ ““X - 

normal or [i\ that the molecules are normal, may be urged the objec 
Zn that the acceptance of one of these two assumptions necessitates 
the reiection of tL other and the conductivity assumption as well 
BetwSn the two assumptions (2 and 3) it is difficult to make a 
choice They are similar and apparently equally probable One 
Ssumption only can be made, and Bates takes the conductivity assump- 
tion to be the correct one thereby rejecting both of the assumptions 
lust referred to This certainly appears to be the logical thing to do. 

It IS generally held that even though the law of mass action is not 
obeyed af ordinary concentrations, it must, for thermodynamic reasons 
hold for the infinhely dilute solution Even m ‘here ^s no 

theoretical reason why dM. should be equal to drr^jdCu The calcu 

Kendall does not demonstrate explicitly of moderately weak 

dent of ™trat^ high d'.lut.on 

acids there is a single value lo h a /a cyivpsi vs-lues for 'v 

other ,he 

™ /..to - 

pap.. 

clear. 
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lations which have preceded show that these ratios at ordinary concen- 
trations may be expressed by equations, which extrapolated to infinite 
dilution, do give the same value, RT, for both This empirical fact 
probably affords the best basis for the belief that at infinite dilution the 
law of mass action is obeyed by solutions of strong electrolytes 

There is nothing in the simple form of the electrolytic dissociation 
theory which necessitates the conclusion that the ions and the undis- 
sociated molecules of an electrolyte should obey van ’t Hoffs law If 
they do not obey this law the law of mass action cannot be obeyed 
Hence the fact that solutions of strong electrolytes deviate fiom the 
requirements of the law of mass action is no argument against the 
theory of electrolytic dissociation ^ 

As we have seen, the present position with regard to the so-called 
anomaly of strong electrolytes may be put thus There are three 
possible assumptions to be considered, the acceptance of any one of 
which involves the rejection of the other two In the light of this con- 
clusion we must revert to the question already proposed on p 225 of 
Vol \ ^ VIZ Is the law of mass action in error or does the ratio of the 
equivalent conductivities not give the true measure of the ionisation ? 

It will now be evident that the form m which this question is put is 
open to serious criticism By putting the question in the form of a 
simple alternative it is implied that if one hypothesis is right the other 
IS wrong It is to be remembered, however, that there are three 
hypotheses, not two, involved in the problem The law of mass action 
requires two assumptions to be simultaneously satisfied, mz normality 
m behaviour of 10ns and molecules, and hence the law of mass action 
m the case of strong electrolytes is incompatible with the conclusions 
of Bates, whether the conductivity results are right or wrong In other 
words the conductivity method may be correct (Bates’ view) and 
simultaneously the law of mass action breaks down because neither of 
the species obeys the gas law The law of mass action is therefore 
breaking down in a double sense because the abnormality of even one 
speaes would be sufficient to invalidate it 

The experimental facts would be satisfied by any one of the follow- 
mg three sets of conditions — 

I. {a) Conductivity results correct (^) Molecules abnormal (^r) 
Ions abnormal in the osmotic sense 

2 (a) Conductivity results incorrect (p) Molecules normal {c) 
Ions abnormal 

3- {a') Conductivity results mcorrect {d) Molecules abnormal (c) 
Ions normal 

It will be observed that in no case do we find the condition that 
the molecules and the 10ns are simultaneously normal, as this would 
involve the applicability of the law of mass action, which, in strong 
electrolytes, is contrary to fact 

On the whole hypothesis (i) appears to be the correct one 

1 It will be observed that in the treatment here followed we are not considering 
the more recent mvestigations of Ghosh, Bjerrum and others who have come to the 
conclusion that in solutions of strong electrolyte dissociation is complete and there- 
fore the Arrhenius expression is incorrect 
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On referring back to the table for KCl given by Bates, it will be 
observed that whilst the ions and the molecules are abnormal m osmotic 
behaviour, the abnormality of the undissociated molecules is much the 
greater of the two In fact the behaviour of the ions is not very far re- 
moved from the normal as is shown by the figures of column iX , in 
which the ratio (which should be unity) vanes from o 962 to o 989 
As a first approximation therefore we may regard the ions as very 
nearly normal In the light of this approximately true statement we arc 
in a position to appreciate the considerations put forward by J Walker 
in his piesidential address to section B , British Association, 1911 

Reaction Velocity in Relation to the Osmotic Behaviour of 
Ions and Molecules 

Walker assumes that the conductivity method is valid D^cussing 
the anomaly of strong electrolytes from the point of view of the van t 
Hoff dilution law — an empirical and only approximately true 
Sion— Walker points out that this expression may be wntten in several 
ways, one of which throws the abnormality upon the undissociated 
molecule, *=* = constant [It must be b^ne in mind that 

we are only dealing with approximations Having assumed “at con 
ductivity inethod is correct we now know that the 10ns as well as the 
moleculL must be abnormal , the abnormality of the 10ns is not marked 

however^^ suppose that we have found a reaction in which either the 

ionised or unionised portion of an abnormal ‘=°^^2on 

into a third substance with measurable velocity Such a reaction 
actually exists in the transformation of ammonium cyanate mto urea, 
in aqueous and aqueous-alcoholic solutions There is evidence that 
It IS the ions which directly yield the urea, but for the 
left open Suppose, first, that the unionised cyanate is transformed 
directly into urea Then we have the successive reactions 
NH4‘ -f CNO' NH4CNO -»■ C 0 (NH 2)2 

If the unionised substance behaves normally, then the conversion of 
the amrmum cyanate into urea, v.hen referred to the unionised sub- 
stance will appear unimolecular, and obey the law of mass action , 
when referred to the ions it will not appear to 

not obey the law of mass action Suppose now that the direct torma 
tion of urea is from the 10ns We are then dealing with the reactions 

NH4CNO "Z. NH4 -f CNO' -> C 0 {NH 2)2 

Acdin let us assume the unionised substance to be normal Once 
more if the transformation is referred to the unionised substance it will 
appear as monomolecular , when referred to the 10ns it will not appear 

‘KoL”,, » .t should If fte ta of “S'tS 

the 10ns It is a matter of indifference then, so far as the point with 
whiJ^weare dealing is concerned, whether the ionised or unionised 
cvanate is transformed directly into urea If the unionised cyamte 
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will in either case appear to be strictly monomoleculai If the ions on 
the other hand behave normally, the reaction when referred to them will 
be bimolecular and normal, when refened to the unionised cyanate it 
will not be monomolecular and therefore would be abnormal The 
actual experiments show that whether water or a mixture of alcohol and 
water be taken as solvent, the reaction when referred to the ions is 
strictly bimolecular, when referred to the unionised substance it is not 
monomolecular, le it is not directly proportional to C„, but is rather 
proportional to a power, namely, * 

It will be observed that even very accurate velocity constants are 
not able to detect the slight abnormality of the ions— which must exist 
It the conductivity method is valid — whilst the abnormality of the un- 
dissociated molecules on the other hand is quite apparent, and further 
f ^ ^ust be raised is very similar to the value ob- 

tained by van t Hoff for a strong electrolyte These results of Walker 
ear cmt in a striking manner the conclusion arrived at on quite other 
grounds by Bates, regarding the magnitude of the abnormal behaviour 
ot the undissociated molecules 

, niust be pointed out further that the principle of the constancy of 
° ‘ 'onic product ” affords additional evidence that the 

1 “ nearly normal manner than do the undissociated 

1 ;i evident from the work of Noyes and his collabo- 

rators already referred to in Vol I , Chap VII 

Ionisation in Formic Acid Solutions 

The validity of the conductivity method of determining the degree 
ot ionisation of sa/fy receives further support from measurements in 
anhydrous formic acid as solvent Thus Schlesingei and Coleman 
{/o^ A^r Chem Soc , 38 , 271, 1916) have determined by this 
method the ionisation of the alkah formates Formic acid resembles 
water m being an excellent dissociating medium The dissolved 
formates are highly ionised, te a decinormal solution of sodium 
formate is ionised to the extent of 88 per cent at 18° C , and similar 
values ^e obtained for the lithium, rubidium, and caesium salts In 
^ite of this extensive ionisation, however, these electrolytes obey the 
taw of mass achon with a high degree of accuracy 

Fecetidy Schlesmger and Mulhnix [Journ Amer Chem Soc , 41 , 
72 (1919)) have extended the investigation to the formates of the 
divalent ™et^, calcium and strontium Again, the degree of ionisation 
IS large The concentration range examined extended from o 04 to 
o 4 gram-eqmvalents per hter. It is now found that whilst the law of 
mass a^on is obeyed over a considerable range— from o i to o r gram- 

Wly to regions above and 
elow th^ mechanism of ionisation in this solvent and 

the law which It obeys represent an unsolved problem In general, in 
the case of iion-aquwus solvents the data are so meagre and in some 

^es so confcrting that no definite statements can be made about them 
at trie present time. 
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The Ionisation and Activity of Strong Electrolytes in 
Aqueous Solution 

Considerations Based on EM F Data 
{cf Noyes and Macinnes , Amer Ch^m Soc , 42 , 239 {1920)) 

The degree of ionisation of an electrolyte which we shall denote 
throughout V y IS usually regarded as obtainable from measurements 
of equivalent conductivity, te y = A»/Aco or, if we allow app^xima e y 

for the change in viscosity of the solution, y = Aco'^m . ^ ^ 

of view IS adopted m dealing with ionisation in Vol I lor the present 
we shall continue to adopt it when speaking 

means that we are legarding the conductivity method as giving a correct 
SeJ^ure S tl^Lmber of 10ns present in a dilute solution Towards 
tViPi pnfl nf this chanter it will be necessary to refei to some recent work 

S Son m L of st»ng dectrolyte. To, 

pver we bean with the assumption discussed already in connectiori 

S B.L- Ses^uon that .he degree of .a a tacon of 

dilution and is given by the T the e m f of 

Tt was first clearlv pointed out by G N Lewis ttiat me e m i ui 

conductivity method, le from the ordinary degiee of ionisation In 
n?der to ie The S mple logarithmic formula fit the observed e m f of 
1r„ce« -Leary to choose o.her 

the loganthm to which Lewis gives the name the aotmties or elective 
of the .one Thus rnslead of "fjf J' ' ” ' has 
concentration cell (with transport) in which the liquid/liquid L U fta 

been annulled in the form 

E = ^ 

nF 72^2 

..here r, and r, ate the ‘°“,°L'dtg^e 

iSi S S’LLToncenhahon of one of .he .o.»), say, .he chon, 

in the two solutions, Lewis wntes 

R.T 

E = — r logs “l'h/“2^2 
nb 

Si-“lS'E5:r533=2 

th? respective activities of either of the ions or their effective concen- 
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trations These products (activities) are frequently denoted by the 
symbols and that is — 

E = ^ log. a-^ja^ 

The fundamental fact is that in general the a values are not identical 
with the y values 

An e m f measurement only gives the ratio of the activities of an 
ion at two total salt concentrations In order to obtain individual 
values for diCi and and therefore for a itself, at any dilution 
Lewis makes the reasonable assumption that at very great dilution, be- 
yotid i/iooo N, the value of a is sensibly identical with the value of y 
both of them approximating to unity in the limit It is clear that we 
are regardmg both a and y as functions of the dilution 

From a series of e m f measurements using concentration cells down 
to considerable dilutions it is thus possible to calculate the values of a 
for the ions of the electrolyte It will be observed that at any given 
dilution we ascribe the same value of a to the cation as to the anion 
In the case of y this is of course inevitable It is of interest to compare 
the values of y for a few simple salts at various dilutions with the corres- 
ponding values of a The necessary data have been obtained by 
Macinnes and Parker {^Journ Amer Chem Soc ^ 37 , I 44 S (1915)) 
the case of KCl, by Ellis (td 38 , 737 (1916)) and Noyes 39 , 2532 
(1917)) in the case of HCl , by Macinnes, Beattie and Chow {cf Noyes 
and Macinnes, 42 , 239 (1920)), and Chow 42 , 488 (1920)), also 
Macinnes and Beattie (td 42 , 1117 (1920)) m the case of LiCl and of 
KOH The type of cell employed by Macinnes and his collaborators 
for the purpose of calculatmg a values is one without transport, eg — 


Ag 


AgCl, KC 1 (. 2 ) 


K;,Hg 


KCl(^i), AgCl 


Ag 


It has already been shown m Chap VIII that the e m f of such a cell 
is given by — 

E = ^ log. K+ Clr/K+ Cli 

Assuming the activities of the cation and of the anion in any solution 
to be the same, this becomes — 

E == ^ log, {aiCiYKaiCiY = log, 01^1/02^2 

The followmg table contams the values of the activity coefficients 
a thus obtained from e.mf. measurements, as well as the values 
of y as determined by conductivity measurements, allowance being 
made for the change m viscosity of the solution on dilution, 
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Comparison of Activity Coefficients (a) with Degrees of 
Ionisation (y) 


c 

Mole’S of Electrolyte 
oer 1000 grams water 

1 

T 

r 

KCl 

LiCl 

HCl 

KOH 

KCl 

LiCl 

HCl 

KOH 

0 001 

0 979 

0 976 


_ 

0979 

0 976 

0 990 

— 

0 003 

0 943 

0945 

0 990 

0 982 

0 968 

0 962 

0 986 

0 980 

0 005 

0923 

0930 

0965 

0975 

0 956 

0949 

0 981 

0 975 

0 010 

0 890 

0905 

0 932 

0 961 

0 94^ 

0 932 

0 972 

0963 

0 030 

0 823 

0848 

0 880 

0 920 

0 914 

0 899 

0 957 

0 939 

0 050 

0 790 

0 817 

0855 

0 891 

0 889 

— 

0 944 

0925 

0 100 

074S 

0779 

0 823 

0 846 

0 860 

0834 

0925 

0 gio 

0 200 

0 700 

0 750 

0 796 

0 793 

0 827 

— 

0 909 

0 891 

0 

0 

rr 

0 

0673 

0 738 

0 783 

0 769 

0 807 

0 759 

0 903 

0 889 

0 500 

0 638 

0731 

0 773 

0765 

0 779 

— 

0 890 

0 884 

0 700 

0 618 

0 734 

0 789 

0 772 

0 761 

— 

0874 

0879 

I 000 

0593 

0 752 

0 829 

0 786 

0 742 

0 641 

0845 

0877 

2 000 

(0 572) 

— 

I 040 

— 

— 

— 

— 


3 000 

(0586) 

I 164 

I 402 



0458 




[The values of a in the KCl column enclosed m brackets are obtained 
from Harned’s data (^Jourtt Amer Chem Soc ^ 38 > 19^9 (^ 9 ^^)) The 
values of a in the case of KCl should be compared with the values 
calculated from the freezing point data by Lewis and Lmhart, quoted 
later , the values obtained from the freezing point are somewhat higher 
than those obtained from e m f data Theoretically, they should be 
identical, except in so far as temperature may exert a small effect The 
emf data refer to 25° C, the freezing point data to 0° C approxi- 
mately ] 

The results given in the above table may be summarised as 
follows — 

1 In the case of all four substances the activity coefficient a de- 
creases with increasing concentration much more rapidly than does the 
value of y, the difference amounting to from 7 per cent to 15 per cent 
at o I molar, and from 5 per cent to 18 per cent at o 5 molar 

2 In the case of all the substances except KCl^ a passes through a 
minimum in the neighbourhood of o 5 molar, afterwards rapidly in- 
creasing at the higher concentrations Even KCl, according to 
Harned’s data, has a minimum activity coefficient m the neighbourhood 
of 2 molar 

3 The activity coefficient, even at moderate concentrations, vanes 
considerably with the nature of the substance , thus at o 5 molar the 
value of 100 a is 63 per cent for KCl, 73 per cent for LiCl, and 77 
per cent for HCl and KOH 

The general conclusions to be drawn from these observations are 
(i) that conductivity measurements leading to the quantity y do not 
give even approximately a measure of the activity of the 10ns, except at 
very great dilution, and (2) that the activity vanes with the concentra- 
tion differently m the case of different substances, 
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The most striking fact which emerges in connection with a is that it 
passes through a minimum, whilst the value of 7 vanes with the dilution 
in a perfectly regular manner This of itself indicates that the activity 
coefiEicient is something fundamentally different from the so-called 
degree of ionisation 

Up to this point we have been regarding the activity and activity 
coefficients of 10ns as essentially quantities which can be determined 
from e m f measurements, the values of a = a^: (the activity) being those 
which will account for the observed e m f of concentration cells when 
substituted in the logarithmic formula The logarithmic formula in this 
case arises from an integration in which the gas law has been assumed 
{cf Chap VII ) By making use of the formula at all we are really 
assuming that the osmotic pressure of each of the ionic species is 
related not to the concentration of the ion but to the activity by the 
expression TTion = RTac = RTa 

In this way we are defining activity as a quantity characteristic of a 
certain species which is related to the osmotic pressure of the species 
quantitatively by the gas law The same relationship is supposed to 
hold good for the activity of the undissociated molecule It will have 
been clear from the thermodynamic treatment followed in the preceding 
chapters of this volume that several other important physico-chemical 
generalisations and expressions are equally dependent in their usual 
form upon the applicability of the gas law In fact, such expressions 
as the law of mass action, the lowering of freezing point, lowering of 
vapour pressure of solutions, rise of boiling point, and the logarithmic 
expression for the e m f of concentration cells are all mutually inter- 
dependent, in the sense that they involve not only the two laws of 
thermodynamics, about which there can be no doubt, but also the 
assumption that the gas law is valid for dilute solutions All these 
different expressions, for the investigation and measurement of which 
different experimental procedure is necessary, should logically involve 
the activity coefficient term, a, not the 7 term, and, further, the values 
obtamed for a by these various modes of investigation should be 
sensibly identical The concept of activity is therefore one of wide 
significance. In fact, the activity of a molecular or ionic species may 
be identified with its general chemical reactivity, and should, therefore, 
be the significant quantity in chemical kinetics as well as in chemical 
statics 

It IS necessary to pomt out, however, that whilst this method of 
treatment is justifiable, it does not afford any “ molecular picture of 
what activity is, for the simple reason that our definition is essentially 
a thermodynamic one. A tentative attempt to visualise activity a little 
more clearly is given later lor the present, however, it is necessary 
to indicate more closely the thermodynamic inter-relationships referred 
to above 

We commence therefore with the fundamental definition that the 
aciimfy of a substance {not necessarily an ton) is its effective concentration 
from the fotnt of view of mass action j that is, on substituting the activi* 
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ties of the various reactants and resultants in the mass action expression 
a true equilibrium constant, independent of the dilution, is necessarily 
obtained 

In connection with the expression for the law of mass action there 
is a point which may be emphasised Suppose that numerical values 
for the activity of the ions of a binary electrolyte have been obtained, 
say, from e m f measurements In order to evaluate the expression for 
the equilibrium constant “ K ” it is correct to substitute the values of 

and a~ (the activities of the positive and negative ions), in the 
numerator of the expression, but it is not correct to write (i - a) as the 
denominator , for, having discarded the simpler idea of concentration 
or mere number of ions, we are not justified in supposing that the 
activity of the undissociated molecules is obtained numerically by simply 
subtracting the a term of either ion from unity If we were to do so 
we would obtain values for K ’’ which would not be constant, but 
would show a rapid rise as the concentration of the electrolyte increase*? 
Instead, we must measure the true activity of the undissociated mole- 
cules by some independent method, say, by measuring the partial pres- 
sure of the undissociated molecules in the vapour phase above the 
solution, and substitute the value so obtained in the denominator of the 
mass action expression On doing this the value of “K.” must remain 
constant from the very definition of activity Whilst the activity of the 
ions can be usually measured fairly conveniently by the e m f method, 
it IS more difficult to obtain values for the activity of the undissociated 
molecules, owing to the fact that the vapour pressure method cannot 
be employed with the numerous non-volatile strong electrolytes As an 
alternative mode of treatment in this case we might possibly make use 
of a result obtained by Washburn and Wieland i^Journ Amer Chem Soc 
40 , 106-158 (1918)) at extreme dilution The result depends upon the 
applicability of the conductivity method, but we are referring to a dilu- 
tion so great that we may identify the concentrations with the activities 
These authors have found that the mass action expression as ordinarily 
expressed in concentration terms appears to reach a really constant 
value, namely, o 02 (using the grammolecule per liter as unit of con- 
centration), the same for all strong binary electrolytes Taking this 
value as the correct one for all dilutions, and knowing the activity of 
the 10ns at any concentration we could calculate the activity of the un- 
dissociated molecule as a function of dilution Incidentally it would 
be necessary to ascribe to the activity of the undissociated molecules a 
value which is greater than their ordinary concentration in order to 
obtain a constant value for ‘‘K’’ On the other hand, it has been 
pointed out that the activity of an ion over a wide range of concentra- 
tion is less numerically than its concentration as determined from con- 
ductivity results Only at high concentration of the electrolj'te does 
the activity of the 10ns become greater than their apparent concentration 
Hence the ions appear to behave, in respect of activity, at high concen- 
tration in a manner analogous to that of the undissociated molecule at 
all concentrations 
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We have been considering the law of mass action as expressed m 
terms of the activities of the ions and molecules We have also con- 
sidered the determination of the activities of ions by means of e m f. 
measurements It is now necessary to consider the activity of the ions 
from the point of view of the solubility product 

Solubihty Product and lomc Activities 
(9^ G N Lewis {Journ Amer Chem Soc , 34 , 1633 (1912)). 

“ If a solid salt, such as thallous chloride, is in equilibrium with its 
ions, then if ai is the activity of one ion and is that of the other, it 
IS thermodynamically necessary that the product ai should always 
remain constant at a given temperature Now it is shown in the paper 
of Bray {Journ Amer Chem Soc ^ 33 , 1683 (1911)) that the product 
of the concentrations Ci and Cg of the 10ns does not remain constant, 
but increases with increasing total ion concentration in every case 
studied This was shown to be true for thallous chloride and for pot- 
assium perchlorate in presence of other uni-univalent salts This shows 
that for at least one of the 10ns the ratio a/C falls off with increasing ion 
concentration The product ai is constant, and therefore between 
any two solutions it is evident that CiC2/C'iC'2 is equal to — 

(a^/Ci X a 2/C 2) — (^i/Ci ^ ^2/^2) 

Now introducing the assumption that both 10ns behave alike, we have — 

CA/^'iC '2 = («VC\)2 (ai/C02 = {a\IC\y -- {a2/C,f 

Thus from the change in the solubility product we can find the way m 
which the ratio a/C varies for each ion The following table contains 
a summary of some of the results thus obtained, and includes a number 
of data obtained from an earlier paper of Noyes {Zeitsch ^hysik Chem , 
9 , 603 (1892)) In each case CiC'2 is taken as the extrapolated value 
for infinite dilution of the solubility product 

“This extrapolation is performed by plotting the solubility product 
against the total ion concentration as this seems to be the predominant 
factor which causes the variation This extrapolation in the case of 
thallous chloride is entirely rehable In the case of the much more 
soluble salt, patassium perchlorate, it is very rough, and is only made to 
render the results for this salt comparable with those for thallous chloride 


Solid Salt 

Added Salt 

Percentage Diminution in a/C at 

0 02 Molar 

0 05 Molar 

0 I Molar 

0 2 Molar 

TlCl 

KCl 

4 

8 

13 

18 

TlCl 

NaCl 

4 

8 

13 

19 

TlCl 

NH4CI 

4 

8 


20 

TlCl 

HCl 

4 

7 

9 

12 

TlCl 

TINO3 

4 

8 

13 



TlCl 

KNO3 

4 

7 

10 



KCIO4 

KCl 



9 

12 
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“The last four columns show the percentage diminution in the ratio 
a/C for the 10ns, between zero (added) salt concentiation and the con- 
centration given at the head of each column The results are very 
striking and show the generality of the lowering of the ratio of a/C with 
increasing salt or ion concentration In the case of HCl the degree of 
dissociation is assumed to be the same as that of KCl at each concen- 
tration 

Passing now from the activity of 10ns we turn to a consideration of 
the activity of undissociated molecules as deduced from vapour pressure 
measurements 

Determination of the Activity of Molecules by means of Vapour 
Pressure Measurements 

It has already been pointed out that we may take the vapour 
pressure of a substance as a measure of its active mass, and therefore 
of Its activity In the case of homogeneous reactions in gases it may 
be recalled that the law of mass action has been fully verified, the terms 
employed in the expression for “K” being simply the concentration 
terms of the various constituents In the case of gases, and therefore 
in the case of vapours at low concentrations, the concept of activity 
becomes identical with concentration On this basis the relative 
activities of the undissociated molecules of an electrolyte will be 
correctly measured at various concentrations of the solution by deter- 
mining the values of the partial pressure of the molecules in the vapour 
m equilibrium with the solutions In the majority of cases the un- 
dissociated molecules of strong electrolytes are not sufficiently volatile 
to become measureable in this way There are, however, a few 
electrolytes in which this is possible, namely, aqueous solutions of HCl, 
HBr, and HI 

Consider two solutions of HCl of different total concentrations 
and ^2 Suppose that/i is the pressure due to the HCl molecules over 
the one solution, and p2 the pressure of the molecules over the other 
solution Then, if the activities of the w^^dissociated molecules in the 
solutions be a^^ and ag, it follows that — 

pilp2 = afa^ 

The values of the vapour pressures of the halide acids over their 
aqueous solutions have been determined by Bates and Kirschman 
{/ourn Amer Chem Soc j 41 , 1991 (1919)) Briefly, the method 
employed is to determine the amount of HCl or of HBr or of HI con- 
tained in a given quantity of air (or of nitrogen in the case of HI) in 
equilibrium with the aqueous solution, and to compare this with the 
amount of water vapour which the same air contained when in equilib- 
rium with pure water at the same temperature From a knowledge of 
the vapour pressure of water at the temperature of the experiment, the 
vapour pressure of the halide may be computed In the case of HCl 
the error in the values of the halide pressure at 25° C is 2 8 per cent , 
in the case of HBr, 7 per cent , and m the case of HI, 10 per cent 
The following table contains a summary of the results obtained at 2 5° C — 
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Vapour Pressures of the Hydrogen Halides over their Aqueous 
Solutions at 2 C 


Moles of Halide per looo 
grams HaO 

Vapour Pressure in mms Mercury 

HCl 

HBr 

HI 

4 0 

0 0182 



— 

5 0 

0 0530 

— 

— 

6 0 

0 140 

0 00151 

0 00057 

7 0 

0348 

0 00370 

0 00182 

80 

0 844 

0 oo8q 

0 0065 

90 

193 

0 0226 

0 0295 

10 0 

4 20 

0059 

0 132 

II 0 


0 151 



It will be observed that the values are very small, and can only be 
measured with reasonable accuracy in the case of concentrated solu- 
tions This is a considerable drawback to the method from the point 
of view of the activity of molecules in dilute solution Naturally, these 
pressure values are not identical with, but are strictly proportional to, 
the activity of the undissociated molecule in solution 

To show the connection between the partial pressures of the undis- 
sociated molecules of, say, HCl and the e m f of a concentration cell 
involving HCl, we shall first of all revert to the law of mass action as 
expressed in terms of activities 

Suppose that a'f and <27 denote the activities of the positive and 
negative 10ns in the HCl solution of total concentration the symbols 
at and aj denoting similar quantities in the solution q Then, if ai 
and ^2 a-re the activities of the undissociated molecules respectively in 
the two solutions, the law of mass action requires that — 
at X a7 at X a 2" 

ai a2 

or Uila^ — (at x a'l)l{a\ x af) = c-^a{a{lc^atcL2 

where a is in general the activity coefficient for any ion 

If we imagine one mole of HCl transferred via the vapour from 
solution Cx to the solution the maximum work done, A, or free energy 
decrease, is given by — 

A = RT log/i//2 

Since /1//2 = ai/a2, it follows that we can write — 

A = RT log C'^aXaijc^a^cLl = RT log {u'\a'i)l{a^af) 

Further, if we assume that the activity of the cation in a given solutior 
is the same as that of the anion, we can transform the above relation 


into — 


A « 2RT log a^/at = 2RT log a^Cila^^ 


Instead of transferrmg the mole of HCl via the vapour we may transfei 
It by the passage of one faraday of electricity through a concentration 
cell (without transport) of the type — 


H2 


HC1(^2), AgCl 


Ag 


AgCl, HCl(^i) H2 
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the e m f of which is E Since A = EF it follows that — • 

^ RT , , 2RT , , 

E ^ _ log ^ ___ log a-^Cila<2C^ 

RT 

which IS the expression aheady obtained in Chap VII for the e m f of 
such a cell It is convenient to employ this type of cell in the present 
case because the passage of one faraday corresponds precisely to the 
effective transfer of one mole of HCl In the case of a cell with 
transport it would be necessary to employ more than one faraday A 
definite relation exists, how ever, between the e m f in the latter case 
and the work term A, as has ^already been shown in connection with 
Helmholtz’s method of determining the transport number of an ion 
(Chap VII ) 

Bates and Kirschman tested the accuracy of their vapour pressure 
data by equating the two expressions, EF and RT log pijp^, where E is 
the e m f of a cell without transport This equality may be written in 
the following way — 

logioA = logio A + ^^2 303^^ 

^2 was taken as the vapour pressure corresponding to a decinormal 
solution, this being chosen as an arbitrary standard On this basis it 
follows that the graph obtained by plotting values of logioi^ against the 
corresponding values of Eobs should be a straight line, having the slope 
F/2 303’RT The relationship was verified satisfactorily in this 
manner 

Calculation of the Activity of Ions as a Function of Dilution^ from 
Freezing Point Data 

As already pointed out the apparent molecular weights of dissolved 
substances — ^and consequently the thermodynamic degree of ionisation 
or activity coefficient a in the case of an electrolyte — as determined by 
freezing point data are necessarily those which would be obtained from 
direct measurements of osmotic pressure or from e m f measurements, 
since these different modes of measurement are related thermodynamic- 
ally It will be recalled that the activity coefficient a for an ion is less 
than the y value over a wide range of concentration 

The freezing point method has not been much employed in this 
connection because of the possible large experimental error There 
are, however, a certain number of observations of lowering of freezing 
point which are sufficiently accurate for a reliable determination of a 
These have been correlated by G N Lewis and Linhart ^Journ Amer 
Chem Soc , 41 , 195 1 (1919)) These authors make use of a simple em- 
pirical expression connecting the lowering of the freezing point with the 
concentration of the salt The advantage of this method lies m the fact 
that the theoretically sound expression, deduced by G N Lewis, con- 
necting the free energy of dilution, and therefore the activity of the 
VOL II 1 5 
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ions, with the lowering of the fiee/mg point, is complicated and does 
not lend itself to extrapolation to high dilutions The empirical 
equation of Lewis and Linhart is not only convenient but also very 
accurate It may be written in the form — 

nk - tjc ^ jB (i) 

where n is the number of ions into which a molecule of the salt ionises , 
k IS the theoretical “ molecular depression of freezing point ” (in the 
case of water, ^ = i 858° per mole of solute in 1000 grams of solvent) , 
t IS the observed lowering of freezing point, produced by a salt at con- 
centration c (number of moles of solute per 1000 grams of water) , ^ 
and m are constants The applicability of the formula is shown in a 
number of cases cited in the original paper 

In order to obtain the thermodynamic degree of ionisation, a, Lewis 
and Linhart combine the above empirical expression with the thermo- 
dynamic equation connecting the free energy of dilution with the 
lowering of freezing point, finally arriving at the following useful 
formula — 

logioa = - + i)^^/2 lO'^nkm (2) 

The table on p 227 contains the values computed by Lewis and Linhart 
by means of equation (2) for a series of electrolytes over a considerable 
range of dilution Equation (i), and consequently equation (2), can- 
not be applied to solutions of greater concentration than o iN 

In order to appreciate the difference between the values of a given 
in the table (p 227) and the values of 7 obtained from the conduc- 
tivity expression the reader is referred to the measurements of Noyes 
and Falk, part of whose data have already been given in Vol I 

The divergence between a and 7 is very pronounced, even in very 
dilute solutions The greatest divergence occurs in the case of CUSO4 
G N Lewis and Journ Amer Chein Soc , 36 ? 804 (1914)) 
In order to show how great this difference is, a table, given by Lewis 
and Linhart, is inserted here The molar concentration of each salt is 
o 01 


Salt 

KCl 

NaCl 

KIO, 

NalOs 

K 2 SO 4 

BaClg 

CdS04 

CUSO 4 

Li(N08)2 

a =s 

0935 

0925 

0872 

0 872 

0 687 

0 716 

0338 

0 290 

0 571 

7 = 

0941 

0936 

0 928 

0917 

0 872 

0883 

0 614 

0 629 

0 805 


Even at M/iooo the a value for CUSO4 is o 526, whilst the 7 value 
IS o 862 


TM ActtviHes and Activity Coefficzenfs of Individual Ions tn 
Strong Electrolytes 

In the foregomg discussion of the vanous methods whereby values 
may be obtamed for the activities {a) of the 10ns, it has been assumed 
fhat the activity h^s the same value for the positive as for the negative 









Percentage Thermodynamic Degrees of Ionisation (iooo) from Freezing Point Dat^ 


SOL VTIONS OF ELECTRO L YTES 2 2 7 


S-(OI) 

1 

1 

1 

1 

1 

1 

1 

1 

00 

CO 

Ch 

00 

00 

Ch 

Ol 

00 

Ch 

VO 

r-- 

Ch 

1 

1 

8 -(0I)Z 

1 

1 

1 

1 

1 

1 

1 

1 

10 

00 

Ch 

VO 

00 

Ch 

00 

N 

Ch 

H 

IN 

Ch 

1 

1 

8-(0l)S 

1 

1 

1 

1 

1 

1 

1 

1 

0 

00 

Ch 

0 

00 

Ch 

H 

IN 

Ch 

d 

VO 

Ch 

1 

1 

i_(Ol) 

1 

1 

1 

1 

VO 

Cv 

CTI 

1 

VO 

Ch 

Ch 

VO 

Ch 

Ch 

m 

IN 

Ch 

VO 

IN 

Ch 

VO 

VO 

Ch 

Ti- 

vo 

Ch 

VO 

Ch 

Ch 

VO 

Ch 

Ch 


1 

i 

1 

1 

ti- 

CT^ 

Ch 

VO 

Ch 

Ch 

ri- 

ch 

Ch 

Ch 

Ch 

00 

VO 

Ch 

00 

VO 

Ch 

IN 

VO 

Ch 

rh 

rh 

Ch 

ri- 

ch 

Ch 

Ch 

Ch 


1 

1 

1 

1 

H 

Ch 

CTV 

N 

Ch 

o^ 

H 

Ch 

Ch 

« 

Ch 

Ch 

00 

VO 

Ch 

00 

VO 

Ch 

ri- 

ch 

00 

d 

Ch 

H 

Ch 

Ch 

H 

S' 

Ch 

9 -(01) 

1 

1 

1 

i 

00 

00 

Ch 

Ch 

00 

Ch 

00 

00 

Ch 

Ch 

00 

Ch 

IN 

rf 

Ch 

IN 

rh 

Ch 

d 

CO 

Ch 

rf- 

H 

Ch 

00 

00 

Ch 

00 

OO 

Ch 

9-(oi)e 

1 

1 

1 

1 

CO 

00 

CTV 

VO 

00 

Ch 

VO 

00 

Ch 

VO 

00 

Ch 

rj* 

CO 

Ch 

rj- 

co 

Ch 

IN 

M 

Ch 

VO 

Ch 

00 

VO 

OO 

Ch 

10 

00 

Ch 

9-(0l)S 

1 

1 

VO 

a\ 

o> 

VO 

a\ 

ov 

00 

Ch 

0 

CO 

Ch 

Ch 

I''. 

Ch 

0 

00 

Ch 

!M 

H 

Ch 

d 

Ch 

CO 

Ch 

00 

IN 

VO 

00 

IN 

IN 

Ch 

IN 

IN 

Ch 

9-(0l) 

1 

1 

Th 

Ov 

Oi 

o> 

N 

IN 

Ch 

CO 

IN 

Ch 

CO 

IN 

Ch 

VO 

IN 

Ch 

H 

Ch 

00 

H 

Ch 

00 

H 

t>. 

00 

0 

tJ- 

00 

0 

IN 

Ch 

p 

IN 

Ch 

< 3 _( 0 l)s 

1 

1 

H 

0 

o> 

H 

cri 

o^ 

rh 

VO 

CTl 

VO 

VO 

Ch 

VO 

00 

VO 

Ch 

VO 

VO 

CO 

VO 

VO 

00 

rf 

ri* 

00 

Ch 

0 

00 

0 

VO 

Ch 

0 

VO 

Ch 

9-(0l)S 

m 

CT» 

m 

0^ 

cn 

IN 

00 

o> 

IN 

00 

CTi 

0 

VO 

Ch 

00 

Th 

Ch 

CO 

VO 

Ch 

VO 

VO 

Ch 

Tj- 

d 

00 

rh 

d 

CO 

H 

0 

00 

0 

VO 

IN 

H 

ri- 

ch 

H 

ri* 

Ch 

^-(01) 

CO 

i (y\ 
cn 

CO 

Oi 

a\ 

CO 

0 

(N 

00 

CTi 

10 

CO 

Ch 

01 

Ol 

Ch 

CO 

Ch 

CO 

Ch 

rl- 

00 

IN 

rf 

00 

IN 

d 

VO 

N 

VO 

H 

N. 

d 

d 

Ch 

d 

d 

Ch 

(01)25 

0 

cri 

cr> 

0 

CTi 

o^ 

VO 

0 - 

cri 

VO 

IN 

Oi 

c^ 

H 

OV 

0 

H 

Ch 

CO 

d 

Ch 

IN 

d 

Ch 

OO 

CO 

IN 

00 

CO 

IN 

H 

IN 

VO 

VO 

VO 

IN 

Ch 

00 

IN 

Ch 

00 


00 

Ch 

rt- 

oO 

cn 

VO 

Cv 

VO 

CTi 

VO 

00 

00 

H 

00 

rh 

Ch 

00 

0 

0 

Ch 

CO 

VO 

VO 

ro 

VO 

VO 

IN 

rt- 

VO 

0 

Ch 

VO 

ro 

VO 

00 

CO 

VO 

00 

■s-(oi) 

!>. 

!>- 

Ch 

Oi 

d 

10 

cri 

VO 

CTi 

CO 

10 

00 

H 

CO 

00 

VO 

VO 

00 

CO 

IN 

00 

OO 

Ch 

m 

00 

Ch 

VO 

VO 

00 

VO 

VO 

d 

VO 

00 

0 

00 

00 

0 

00 

S-(0I)2 

1 >. 

VO 

cr\ 

!>. 

0 

Ov 

10 

s 

VO 

CO 

Ov 

M 

00 

d 

00 

IN 

0 

CO 

00 

0 

rf 

00 

VO 

d 

vrj 

VO 

d 

10 

0 

d 

VO 

IN 

VO 

ri- 

d 

VO 

IN 

d 

VO 

IN 

8-(0l)S 

VO 

•tf 

0^ 

0 

xh 

<y> 

'V^ 

§« 

Tf- 

0 

o> 

Ch 

Tt* 

VO 

Ch 

VO 

H 

IN 

IN 

00 

IN 

0 

0 

d 

"Vt- 

VO 

d 

ri* 

d 

VO 

CO 

IN 

VO 

VO 

N 

VO 

VO 

z-(oi) 

N 

CTi 

in 

ct 

O) 

N 

r^ 

00 

« 

IN 

00 

IN 

00 

VO 

In 

H 

VO 

v£> 

H 

IN 

H 

CO 

IN 

00 

CO 

fO 

00 

CO 

CO 

0 

VO 

ro 

0 

Ch 

CM 

H 

N 

>0 

H 

N 

VO 

Z^(01)2! 

0 

Ch 

00 

0 

O) 

00 

0 

CO 

00 

0 

CO 

00 

VO 

H 

VO 

1 

1 

1 

1 

1 

1 

1 

1 

1 

5 -( 0 l)S 

1 

1 

VO 

VO 

IN 

VO 

VO 

IN 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

t-(oi) 

1 

1 

"Hf 

00 

VC 

'rf 

00 

VO 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

Molar 

Concentra- 

tions 

0 

W 

6 

:z; 

m 

0 

l-H 

w 

CQ 

0 

: 2 ; 

o' 

CO 

d 

03 

ev 

0 

ClJ 

cq 

Cq 

0 

0 

0 

0 

CG 

»T 3 l 

0 

o' 

CO 

a 

ISl 

o' 

CO 

CIO 

d 

CO 

0 

0 

S' 

"aT 

CO 

w 

CO 

0 

s, 

rt 


T5* 




228 


A SYSTEM OF PHYSICAL CHEMISTRY 


ions in any given solution If the cation and anion in any given case 
do not possess identical activity then the numerical values obtained on 
the basis of the foregoing considerations, e m f , vapour pressure, lower- 
ing of freezing_point, etc, are ‘‘average” values, the “average’' being 
equal to where is the activity of the cation and is the 

activity of the anion 

The first attempt to get at the activity of individual ions has been 
made by Macinnes [/ourn Anier Chem Soc , 41 ? 1086 (1919)), the ion 
considered being the hydrogen ion As will be seen, it is necessary to 
assume that in a solution of KCl the cation and anion possess identical 
activity at any given dilution For this special treatment of KCl, Mac- 
innes gives certain reasons which appear to make the conclusion fairly 
reasonable In his method of attacking the problem Macinnes begins 
by considering, not the activity of an ion, but the values of y as deter- 
mined by conductivity for a numbei of chlorides The account of this 
investigation is expressed largely in Macinnes’s own words 

As already mentioned, G N Lewis came to the conclusion (though 
he afterwards modified the conclusion, cf Journ Amer Chem Soc , 39 , 
2258 (1917)) that hydrochloric acid and the alkali chlorides have the 
same degree of ionisation at the same concentiation This was based 
upon the relation — 

ri /72 = AiVA2«2 

derived by Tolman on the assumption that the chloride ion has, at any 
concentration, the same mobility in all univalent chlorides In this 
expression, A^, A2, yi, 72? ^2 denote respectively the equivalent con- 

ductivities, the degrees of ionisation of the two chlorides and the trans- 
port numbers {n) of Cl” in the two solutions This expression may be 
easily obtained as follows — 

The original expression of Arrhenius for the equivalent conductivity 
is — 

A = Fy(U 4- V) 

where U and V are the mobilities of the cation and anion (Cl“) of the 
salt, strictly at the dilution in question The transport number n of 
Cl“ = V/(U + V) Hence nA = FyV In the case of Cl” in KCl this 
is written with the suffix (J, t e = FyiV, and for HCl at the same 
total concentration we write = Yy^Y, the same value V being 
assumed in both cases. Hence n^A%jniA^ = 72/71? 3,s stated above 
This ratio is given in the final column of the following table The 
%, Ai, and y^ refer throughout to KCl, which is taken as a standard of 
companson Aq 1, Aq 01, and A^ denote the equivalent conductivities of 
the various chloride solutions at o iN, o oiN, and at infinite dilution 

The product A x «ci niay be conveniently termed the “ equivalent 
conductivity of the chloride ion constituent” of the salt in question, 
being equal to FyV The constancy of this quantity {cf fifth col of 
the following table) as well as the constancy of the values in the last 
column is evident 

“This constancy of the equivalent conductivity of the chloride ion 
constituent at any given concentration does not, however, show whether 



sol UTlONS OF ELECTROl YTES 2 ^ 9 




0 iN 

Solutions 



Chloride 

1 

*^0 l/^co 

^ci 

»CixAoi 

^2/7i(KC1 ) 

HCl 

351 4 

0925 

0 x6I2 

36 7 

0 996 

KCl 

112 0 

0 862 

0 508 

569 

I 000 

NaCl 

92 0 

0 844 

0 617 

568 

0 998 

LiCl 

82 3 

0833 

0685 

564 

0 992 

CrCl 

1134 

0850 

0 500 

567 

0 996 



0 Olh 

r Solutions 



Chloride 

^0 01 

•'^0 lA^oo 

”ci 

0 

X 


HCl 

369 3 

0 972 

0 167 

61 67 

I OO/j 

KCl 

122 4 

0 942 

0 502 

6144 

I 000 

NaCl 

lOI 98 

0936 

0 603 

61 44 

1 000 

LiCl 

91 97 

0931 

0668 

61 43 

0 9998 


the deciease of it with increasing concentration is due to decrease 111 
the ionisation of the chloride, or to decrease m the mobility of the Cl", 
or to both of these effects Since it is probable, in view of the above 
results, that the ionisation is the same m different chloride solutions at 
any given concentration, it is almost certain that the divergence of the 
conductivity ratio A/Aq© of HCl from that of the other chlorides, and 
the corresponding divergence in the change of the equivalent con- 
ductivity of the hydrogen ion constituent with the concentration from 
that of the other constituents, are really due to a considerable change 
with the concentration of the equivalent conductivity or the mobility of 
the hydrogen ion itself And also, since differences in the variation of 
the mobilities of the 10ns are thus demonstrated, it is very probable 
that actual variations of larger magnitude than these occur with increas- 
ing concentration in the mobility of all 10ns 

We now pass to a consideration of ion activities 
“The preceding considerations which are based on the kinetic 
phenomenon of conductivity cannot, from their very nature, lead 
directly to a determination of the activity or effective concentration of 
ions, that is, to a determination of the concentrations which must be 
assigned to the 10ns in order that their actual mass action and other 
thermodynamic effects may be expressed by the familiar laws of perfect 
solutes The conclusions reached m the preceding paragraphs do, 
however, much increase the probability of a simple hypothesis which 
greatly assists in determining the probable values of the activities of the 
separate 10ns , namely, the fact, demonstiated above, that the equivalent 
conductivity of the chloride ion constituent at any given concentration 
is independent of the cation constituent, and the strong presumption 
that the concentration and mobility of the chloride ion is the same at 
any given concentration in the solutions of univalent chlorides raises 
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the further presumption that the activity of the chloride ion, at any 
given concentration, is also independent of the cation associated with it 
“This hypothesis differs from that employed up to the present time 
m computing activities It has been commonly assumed that the cation 
and the anion of the substance have equal activities in the same solu- 
tion, even in the case of hydrogen ion and of chloride ion m hydro- 
chloric acid ’’ This conclusion Macinnes does not legard as correct, 
except in the case of KCl He assumes, therefore, that these two ions, 
K"^ and CP, which have nearly the same weight and mobility, have 
sensibly the same activity in a solution of the salt 

To show how on this basis the activity of a single ion, say the 
hydrogen ion, can be computed we have to consider cells of two types 
A and B, viz cells without and cells with transport — 


Ag 

AgCl, KCl(^i) 

K.Hg 

amalgam 

KCl(r,), AgCl 

Ag 

Ag 

AgCl, HCl(^i) 

I atmos 

HCl(r2),AgCl 

Ag 


Ag 


AgCl, KCl(^i) KC\{c,), AgCl 


Ag 


Ag AgCl, HCl(rO * HC1(^2), AgCl Ag 


B 


The electromotive forces E^. and Eb of cells of these two types are 
given by the following expressions, in which at, denote 

respectively the activities of the positive and negative ions at the two 
(salt) concentrations c-j^ and c^, and n is the transport number of the 
cation , (the cation in this case because the electrodes are reversible 
with respect to the anion) — 

RT 

Ea = -^logs 


Tp :^RT, , , , 

Eb = '-p-log, aXa-Jatal 

From the emf values for the potassium chlonde concentration 
cells of both types, by putting at = a’, and <1+ = aj, we can find the 
ratio aj/aj for the chloride ton at salt concentrations Cj_ and c^ Then 
TOm the e m f data for the hydrochloric acid cells containing acid at 
the xa«e concentrations, c^ and o,, as those of the KCl solutions, we can 
and, by substituting the above value of the appropriate equa- 

taon, the value of for the hydrogen ion Further, at very great 
ralution we again assume that the value of a becomes identical with y 
bit^ welrave already concluded that y is the same for HCl as it is for 
KU, It follows that the value attnbuted to a for KCl at great dilution 
IS the sa^ as the value to be attnbuted to HCl likewise at great dilu- 
tion With this as a starting point, and knowing the value of the ratio 
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a'\la'\ for the hydrogen ion at other dilutions from the e m f data, as 
indicated above, we are able to calculate the absolute values of the 
activity of hydrogen ion at any concentration of HCl The values so 
computed by Macinnes are given in the following table — 


Cumulates of 

KCl or HCl 

Activities (a) 

Activity Coefhcients (a) 

K.+ or cr 

H+ 

K+ or Cl- 

H+ 

0 001665 

(0 001627) 

(0 001627) 

0 976 

0 976 

0 003330 

0 003140 

0 003205 

0935 

0 972 

0 00500 

0 004588 

0 004750 

0 918 

0949 

0 00666 

0 006215 

0 006247 

(0 932) 

0937 

0 0100 

0 008785 

0 009257 

0 878 

0925 

0 01666 

0 01441 

0 01526 

0 864 

0915 

0 03333 

0 02750 

0 02945 

0 825 

0 883 

0 05000 

0 0396 

0 0434 

0 792 

0 86g 

0 100 

0 0732 

0 0854 

0 732 

0 854 


More recently Chow i^/ourn Amer Chem Sdc , 42 , 497 (1920)) 
has measured the e m f of cells containing both HCl and KCl simul- 
taneously, the cells being of the type — 


H2 

(1 atmos ) 


HCki 

KCV 


Hg2Cl2 


Hg 


m which the separate concentrations Ci and are varied, but always in 
such a way as to keep their sum at o iN The results obtained go to 
show that the activity of the chloride 10ns in solutions of mixed univalent 
chlorides is independent of the nature of the cations present, which is 
in agreement with the conclusion arrived at by Macinnes 


Resume. 

We have now considered in some detail the nature of the problems, 
only partially solved, which present themselves in attempting to deal 
with degrees of ionisation and activity coefficients of ions in dilute solu- 
tions of electrolytes As regards the numerical differences between these 
two quantities it will be recalled that the activity coefficient is m general 
(over a wide range of concentration) a smaller term than the degree of 
ionisation In this connection Tolman has made the following sugges- 
tion (quoted from a private communication from Dr Macinnes) “If 
we could see into a salt solution with a super-ultramicroscope it would 
be difficult to tell whether a given molecule were actually dissociated or 
not, as the molecules would be in all possible stages between complete 
dissociation and no dissociation It is possible, for instance, that an ion 
but slightly removed from its parent molecule might be able to affect 
the conductivity whereas it might not be able to affect the e m f at an 
electrode, and thus determinations of ionisation by conductivity would 
be expected to differ from those (z e be numerically greater than those) 
obtained from e m f or freezing point determinations ’’ This has some- 
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that “ions arp nariiaii (^908), but more recently withdrawn) 

StractiZ ^ solely of their electrical 

from the stable molecHlea^f”*^ molecules, which differ fundamentally 

«»»/»cfZrLro/Tas^ “,1’?"^^ ” 

tmty r“io‘ ^°nduc- 

case It ty represents the degree of ionisation in any 

with concentration haf change in the conductivity ratio 
of ionZo?S°° origin not m a true alte.ation m the Wee 
concentration Thp Ho^hP ™ mobility of the 10ns with change in 

Zeitsch Mkkfrockem U^Li Bjerrum, 

(t907)) This assmpLn Wot h.; W of ’ ^ 

moleSi ol STetoolJe Tl r’”" “L'?' 

Reviewine- the r>r<acpnf 1 ^ ^ halogen acids) is measurable 

Noyes and Maclnn^ of tnowledge (1920) in regard to this point 
adopTfWhe nri ent h r that, “it selms advisable to 

lytesl are comnletelv YPOthesis that such substances [strong electro- 
SW rSWuvri^ to attnbute the decreLe in the con- 
the activity coefficiem to s mobility, and the change in 

As reaW thi, «. if “known effect of a physical nature ” 

activityand Activity coefficient 

that It IS ulbmately to be attabutp/ ventures to suggest 
concept of activrtv^ natv, i lu j ^ factor involved in the 
queicVcWiWL of °f *e type or fre- 

virtue of which such species Shib^Se” T"'' considered, in 

radiation-belongme m ffie IP S reactivity The idea that 

part in connection with tii ^ mfra-red region — plays a fundamental 
vanation of which with temnePP^^ internal energy of substances (the 
heat) has b™n re ^ or molecular 

apply the Quantum TheorvtPtPp^P^*^^P’ ^9° 7. first attempted to 

hmid It h^ W beenPJP the atomic heats of solids On the other 
changes can be brought aPfPP ‘P*" specifically “chemical” 

of the idea to regard the raHion ^ reasonable extension 

to 10 ;.. as the oPi of or?ma V orlP" 

fron, which occur at room temnernt reactions, including lonisa- 

the q^stem To give some deareo r virtue of the temperature of 
to treat thermal reacUons from A to this idea it is necessary 

fct dooe by the SstTlyS^TtSL'T"" ““"OPMM Th^ „ai 
»»de ef ttitoen, caenoTK J? ' J?'-' »™"*) Th.e 

fbtted .0 b. Vo. ni, .h.ch de.., Mth'trQiru^^'xSio’;'.;^ 
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general physico-chemical aspects It may be pointed out, however, 
that this way of regarding activity involves a restatement of the law of 
mass action, the reactivity of a species (which we may identify with 
G N Lewis’ activity term) depends not simply upon — and indeed m 
certain cases not mainly upon — the mere concentration of an individual, 
but simultaneously upon the density of the radiation characteristic of 
the substance and absorbable by it ^ 

This product of concentration into radiation density gives a more 
complex quantity, but, at the same time, probably a more accurate 
measure of the concept of active mass than is expressed m the classic 
concept of concentration alone This new measure of active mass is of 
significance not only for stoicheiometric ” reactions, but also for 
catalytic reactions, in which the catalyst may act in a stoicheiometric 
manner (expressible, in so fai as material change is concerned, by the 
ordinary stoicheiometric equations), and also for catalytic effects such 
as the influence of the solvent (or additions to the solvent) which 
cannot be expressed stoicheiometncally,'’ since the effect has its 
origin in a physical (radiational) mechanism 

With this suggestion in mind we are at once led to widen the scope 
of our present considerations We proceed to give a short account of 
certain results obtained by Harned {Jburn Amer Ckem Soc , 4O5 14^1 
(1918)) in connection with catalysis by salts, and likewise the conclu- 
sions arrived at by McBain and Kam {Trans Chem Soc , 115 , 133 ^ 
(1919)) in connection with the apparent effect of neutral salts upon the 
degree of ionisation of a weak electrolyte 

The AcnvniLS of the Ions in Neutral Sali Catalysis 

We shall here consider the case most fully dealt with by Harned 
{loc cit), namely, the decomposition of H2O2 by the iodide ion, pro- 
duced by the ionisation of KI, in presence of such salts as KCl and 
NaCl Such salts increase the unimolecular velocity constant of 
decomposition of hydrogen peroxide, the catalytic effect being attributed 
by Harned to the Cr of the added salt It is, perhaps, more justifiable 
not to attempt to differentiate between the catalytic effects of the added 
cation and anion, more especially as the numerical results are referred 
to the “average” activity of the added 10ns, that is to the quantity 
( Ja^), and not to the activity of the chloride ion per se, which, in 
view of Macinnes’ work already referred to, would be expected to 
possess the same catalytic effect whether the added salt contains 
potassium or sodium or any other univalent cation From known 
emf results the ‘‘average” ionic activity can be obtained Making 
use of such values Harned shows that the observed velocity constant of 
decomposition is proportional to the activities as is set forth in the 
following table — 

^ A non-mathematical treatment of this concept of reactivity oi activity is given 
by the writer in SetenUat 25 , Jnne (1919) 
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Concentration ofYA^o 03N 


Molar 
Concentra- 
tion of 
KCl or 
NaCl 

(Unimolecukr 
Ve'ocity Constant 
of Decomposition 

X 10^) in presence 
of KCl 

feg (Uniraolecular 
Velocity Corstant 

X 10“^ in presence 
of NaCl 

“Average” 
Activity of 
KCl Ions, 

“Average ’ 
Activity of 
NaCl Ions, 

X 10*^ 

X 10^ 


^‘2 



0 000 

4 18 

4 18 







— 

0 500 

4 31 

4 45 

0305 

0311 

14 14 

14 20 

I 000 

4 45 

479 

0 584 

0 628 

7 63 

7 65 

I 500 ' 

4 57 

5 20 

0 860 

I 000 

5 32 

5 40 

Z 000 

470 

5 64 

1 150 

I 397 

4 08 

4 04 

0 

0 

485 

6 12 

1433 

I 815 

338 

3 32 


Concentration of KI = 0 02N 



0 000 

275 

275 

— 

— 

— 

— 

0500 

2 84 

293 

0305 

0 311 

931 

9 40 

I 000 

293 

3 17 

0584 

0 628 

5 03 

505 

I 500 

3 02 

3 44 

0 860 

I 000 

351 

3 44 

2 000 

3 II 

3 77 

1 150 

I 397 

2 70 

2 70 

2 500 

3 19 

419 

I 433 

I 815 

2 22 

2 35 


Similar relationships were obtained from a consideration of Rivett’s 
data upon the conversion of acetochloranilide into p -chloroacetanilide 
These results, as Harned points out, at once raise the question of the 
reality of the catalytic effect attributed to the undissociated mole- 
cules of the catalyst, a view already discussed in Vol I That the 
problem is not simple is evidenced at once by the fact that although 
kilai IS equal to at any given concentration of the added salts, this 
ratio is not independent of the total concentration of the added salt 
Further, if we consider a point not discussed by Harned, viz the in- 
crease in the velocity constant brought about by increasing the 
concentration of the added neutral salt, we obtain values which differ 
according to the nature of the neutral salt, and apparently in the case 
of NaCl the value of Lkja,^ is not constant These results are given in 
the following table — 


Concentration of 
Salt 

Aft in presence 
of NaCl 

Aft m presence 
of KCl 

jbMia-i KCl 

Akla^ NaCl 

0 500 

0 27 

013 

043 

0 87 

I 000 

0 61 

0 27 

0 46 

097 

I 500 

1 02 

039 

045 

I 02 

2 000 

I 46 

0 52 

045 

105 

2500 

194 

0 67 

0 46 

I 07 


There is evidently an effect entering into the phenomenon in addi- 
tion to that directly due to the activity of the ions ^Ve natuially think 
of the solvent-displacement effect discussed in Vol I Such displace- 
ment or removal of solvent may be brought about by the mere act of 
adding the neutral salt and also by the hydiation which the neutral 





SOL UTIONS OF ElECTIWL YTES 


235 


salt undergoes The general significance of hydiation m connection 
with reaction velocity is considered by Harned It has been suggested 
that activity itself is related to hydration, but whilst this is undoubtedly 
true they are scarcely to be regarded as related to one another as cause 
and effect The problems referred to obviously require a great deal 
further investigation 

The Influence of Neutral Salts upon the Activities of 
Ions and Molecules 

An important conclusion has been arrived at by McBain and Kam 
{loc cif) in a paper with the following self-explanatory title ^‘The 
effect of salts on the vapour pressure and degree of dissociation of 
acetic acid m solution An experimental refutation of the hypothesis 
that neutral salts increase the dissociation constants of weak acids and 
bases 

We are heie considering the behaviour of a weak, not of a strong, 
electrolyte Owing to the fact that the law of mass action as ordinarily 
expressed, that is, expressed in concentiation terms as given by the 
conductivity method, applies satisfactorily to such cases, the necessity 
of introducing the idea of activities even here does not appear to have 
been appreciated until quite recently 

It has long been known that the potential of the hydrogen electrode 
in an aqueous solution of a weak acid, say, acetic acid, corresponds 
apparently to a higher concentration of H’*’ when some neutral salt, e g 
NaCl, IS added to the solution than it does in the absence of the salt 
This was usually interpreted as meaning a real increase in the ionisation, 
and theiefore an increase in the ionisation constant or strength ^of the 
weak electrolyte, brought about by this ‘‘neutral salt action As 
McBain and Kam point out, however, the electric potential of the 
hydrogen electrode measures the product of the chemical potential and 
the concentration of the hydrogen ion (This is equivalent to saying 
that it measures the activity and not merely the concentration of the 
ions, the value obtained correspon ding, as we have already shown, to 
the so-called average activity of either ion ) Instead of 

assuming that the increase in this product (z e chemical potential x con- 
centration) IS due to increase in concentration, McBain and Kam sub- 
mit experimental evidence that it is the chemical potential which has 
been increased by the neutial salt This evidence will be given a little 
later The point of view is interesting as indicating the independence 
of the two factois concerned On the radiation hypothesis already 
referied to we would use the term density of the radiation or radiational 
field in place of the thermodynamic term, chemical potential “If the 
concentration of the hydrogen ion has remained unaltered, but its 
chemical potential 01 leactivity has been increased, it is necessary for 
the continuance of equilibrium that the chemical potential or reactivity 
of the undibsociated molecules of acetic acid should likewise have been 
increased Such increase in reactivity on the part of the molecules 
must, if it exists, be accompanied by a paiallel increase in the partial 
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pressure of acetic acid in the vapour phase This is open to direct 
test, and McBam and Kam find that a remarkable increase in activity 
of the molecules is actually exhibited, “fully accounting for the electro- 
metric data observed ^ in connection with the ions In other words 
the increase in the activity of the undissociated molecules, due to the 
presence of the neutral salt just balances the increase in activity of the 
ions due to the same cause, with the result that the dissociation constant 
and the degree of ionisation remam unaltered 

The experimental method employed for the determination of the 
partial pressure of acetic acid molecules in the vapour phase consisted m 
the distillation of aqueous solutions of acetic acid, with and without the 
addition of various salts, with corresponding analyses of both liquid and 
(condensed) vapour phases The details of the method and the mode 
of calculation will be found in the original paper 
It was found that many salts increase the partial vapour pressure of 
undissociated acetic acid by quite measurable amounts Thus, in the 
case of 2 3 normal NaCl the increase in partial pressure of the acetic 
amounts to as much as 63 per cent Sodium chloride, m fact, has a greater 

investigated, namely, KCl, KCNS, Na2S04, 
KNO3, LiCl, NaCH3C02 This is suggestive m the light of the 
results obtained by Harned It is evident that these salts are behaving 
towards the weak electrolyte in much the same way as they do towards 
strong electrolytes McBam and Kam find that sodium acetate is 
practically without effect In general the activation effect is inde- 
pendent of the concentration of the acetic acid This at once suggests 
an environmental influence of a physical nature, such as might be 
identified with radiation density 

Of the salts examined, sodium sulphate is exceptional in its behavioui 
in that up to about o 35N there is a very slight negative effect, beconi- 
mg positive above this concentration This behaviour of sodium sulphate 
IS important in view of certain results obtained by Thomas and Miss 
late Chem Soc , 41 , 1901 (1919)) referred to briefly 

McBam and Kam point out that “it is well known that there is a 
general qualitative similarity between the effect of neutral salts on such 
various phenomena as solubility of gases and non-electrolytes, surface 
tension, compressibility, maximum density of water, viscosity, dielectric 
capacity, imbibition and gelatinisation of gels, and increase or decrease 
of rate of catalysis ” 

Returning to the specific point with which we began, namely the 
question as to whether the presence of neutral salts alters the degree of 
ionisation of a weak electrolyte it is important to show as quantitatively 
as possible that the alteration is either nil or practically so 

McBam and Kam state that in the case of a o sN solution of 
acetic acid, the reactivity of the undissociated molecules of the acid is 
increased by 5 5 per cent in the presence of o 2N NaCl Walpole's 
measurements of the e m f m this case showed that the appaient hydro- 
gen ion increase amounted to 7 to 8 per cent “These two effects, 
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namely, 5 per cent and 7 to 8 pei cent arc equal withm the experi- 
mental, and thus the effect on the dissociation constant cancels out, and 
leaves that constant unchanged by the presence of the salt ” 

In the above connection it may be mentioned that it has been 
found in the writer’s laboiatory that the presence of sucrose likewise 
increases the apparent concentration of hydrogen ion (actually the 
activity) in H2SO4 solutions, as indicated by e m f measurements 
This constitutes a considerable extension of the field here considered, 
since the effect referred to can be equally well brought about by an 
electrolyte as by a non-electrolyte It is possible that the sucrose acts 
mainly by “ displacing ” the solvent (water) thereby bringing about a new 
physical environment Further, in the case of concentrated solutions of 
weak electrolytes, the Ostwald constant, as ordinarily expressed in cori'^ 
centratton terms, may alter, owing to the lack of the proportionality 
between activity and concentration which exists obviously m dilute solu- 
tions of such substances There is obviously some underlying cause for 
all these phenomena — probably of a physical nature such as that already 
suggested 

The Behamour of Chromium Chloride Solutions in presence of 
added Neutral Salts 

In connection with the chrome tanning of leather it has been found 
in technical practice that by the addition of neutral salts it is possible 
to use more basic chrome liquors The added salt prevents the pre- 
cipitation of hydrated chromium oxide This phenomen has been 
regarded as due to an actual increase in hydrogen ion concentration 
It IS much more probable, however, that we are dealing with an in- 
crease of activity rather than an increase of mere concentration In- 
stead of dealing with the complex system presented in the tanning bath 
we shall refer briefly to the results obtained by Thomas and Miss 
Baldwin {}oc at ) in the chemically better defined case of a solution of 
chromium chloride 

The added salts were the chlorides of lithium, sodium, potassium, 
ammonium and barium From e m f measurements it is inferred that 
all these apparently raise the hydrogen ion concentration produced by 
the hydrolysis of the chromium salt The barium chloride is the most 
effective, then lithium chloride, then sodium chloride, and lastly potas- 
sium and ammonium chlorides Undoubtedly these follow approxi- 
mately the degrees of hydration, / e the solvent-displacement-effect is 
entering into the problem Even in the case of chromium choride a 
complication enters, namely, the so-called ‘‘ ageing ’’ of the solution, no 
doubt connected with the colloidal nature of the hydrolytic products 
To obtain still more unequivocal results, solutions of HCl and H2SO4 
of the same H+ concentration as the chromium chloride and chromium 
sulphate were next examined In the case of H2SO4 (o 0005N) it 
was found that the addition of NaCl and of NH4CI increased the 
apparent concentration of H"^, whilst NH4SO4 decreased it somewhat 
and Na2S04 decreased it very markedly In the case of HCl (o 004N) 
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the apparent increase in the concentration produced by the addition 
ot the chlorides already mentioned was closely analogous to that found 
in the case of chromium chloride On the other hand, NH4SO4 
apparently decreased the most markedly, NagSO^ less markedly, 
and MgS04 first apparently diminished the and later increased it 
The results referred to here are rendered more difficult to interpret 
owing to the probability of double decomposition of the sulphates with 
the hydrochloiic acid and the chlorides with the sulphuric acid Ex- 
periments with HCl to which MgCb was added showed that this salt 
markedly increases the apparent concentration The sulphates are 
therefore shaiply distinguished fiom the chlorides in their behaviour 
What IS really measured in these cases, as Thomas and Miss Baldwin 
themselves imply, is the average activity of the H”*" and the anion of 
the acid The behaviour is analogous to that found by Me Bam and 
Kam in the case of addition of a salt to a weak acid 
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Chemical equilibrium in homogeneous systems — Concentrated solutions 

Experimental Results Obtained in the Measurement of High 
Osmotic Pressures 

In Yol I it was pointed out that in the case of dilute solutions of non- 
electrolyteSj the experimental work of Morse and Frazer and their col- 
laborators had shown that the osmotic pressure actually measured is 
identical within the limits of experimental eiror, with the gas pressure as 
predicted by the van *t Hoff formula That is, at constant temperature T 
the osmotic pressure is strictly a linear function of the concentration, t e 
P = RTC When the solutions begin to be moderately concentrated, 
however, this linear relation is gradually departed from Measurements 
at high concentration are extremely difficult to make, owing to the diffi- 
culty of obtaining membranes sufficiently stout, even when deposited 
upon porcelain tubes, to stand the great difference of pressure Within 
recent years, however, this has been accomplished in the classic work 
of the Earl of Berkeley and Mr E G J Hartley {Phil Trans , 206 A, 
481, 1906) Their method of measuring P was to determine the 
equilibrium pressure,’’ that is the pressure which must be applied to 
the solution to bring about a state of equilibrium between it and the 
solvent, so that no solvent, i e water, passes in either direction as a whole 
when the solution and solvent are separated by a semi-permeable 
membrane In these measurements the solvent was under the pressure 
of the atmosphere The pressure applied to the solution so that there 
IS no movement of the solvent is the sum of the “ equilibrium pressure,” 
te Pi plus the pressure exerted on the solvent, i e the atmosphere. 
The details of the apparatus and method of working will be found m 
the paper referred to The following are a few of the results obtained 

with pure cane sugar The temperature of measurement is 0° C The 

concentration is expressed as weight of sugar in grams in i liter of solution 
prepared at 15” C The solvent is at i atmosphere pressure 

Osmotic Pressure Measured at 0° C 

180 I grams per liter 
300 2 „ „ 

4203 i» 

5404 »» »> 

660 5 ij »» 

7506 ♦» I 


P = 13 95 atmospheres 

P = 26 77 

P = 43 97 »» 

P = 67 51 » 

P = 100 78 „ 

P = 133 74 
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These results give some idea ofthe enormous values actually reached 
m concentrated solutions The cun’^e (Fig 27) shows the osmotic 

pressure plotted against concen- 
tration, so as to show the de- 
parture of the P values from the 
simple linear relation, which 
holds in dilute solutions The 
straight line is drawn on the 
usual assumption that i gram 
molecular weight of solute per 
liter (solution) should give an 
osmotic pressure of 22 4 atmos- 
pheres 

Other sugars were also em- 
ployed, and in later papers an 
account is given of similar very 
accurate measurements both of 
osmotic pressure and lowering of 
vapour pressure, due to calcium 
ferrocyanide m water, this salt being a very soluble one, and one which 
at the same time is practically stopped by the copper- ferrocyanide semi- 
permeable membrane (Earl of Berkeley, E G J Hartley, and C V 
Burton, Phil Trans ,209 A, 177, 1909 Dilute solutions of the same 
solute were also investigated by the Earl of Berkeley, E G J Hartley, 
and J Stephenson, tbid ^ p 319 ) For details the reader is again re- 
ferred to the original papers The object of the work referred to was to 
test Porter's equation This equation will be taken later 

Theoretical Treatment of the Osmotic Pressure of Con- 
centrated Solutions 

SackuY $ Equation of State for Solutions of any Concentration 

In view of the fact that the simple expression PV = RT breaks 
down for concentrated solutions, it is natural to expect that attempts 
would be made to account for the behaviour, by applications of gas 

equations such as that of van der Waals, mz {p + l)(p - 3 ) = RT 

This has been attempted by a fairly large number of workers, with only 
partial success, however To get an idea of this method of treatment 
the reader should consult the paper of O Stern {Zettsch phystk Chem , 
81 , 44 i> 1912) ^ Apart from the fact that the van der Waals equatiori 
IS not a very accurate one for compressed, t e concentrated, gases, and 
Aerefore may be expected to be similarly inexact for solutions, it will 
be at once evident that the “ constants” a and b in the case of solutions 
are much more complex quantities than in the case of a single gas, 

233 1913* see J J van Laar {Znt$ch phystk Chem , 82 
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owing to the presence of different kinds of molecules, namely, those of 
the solvent and those of the solute The molecular attractions which 
are taken account of by the term a are due to— 

(1) attractions between the molecules of solute for one another, and 

(2) attractions bet\veen the molecules of solute and the molecules 
of solvent 

Rather remarkably, however, O Sackur {Zeitsch physik Chem , 70 , 
47 7 j 19^°) discovered that a simplified form of van der Waals’ 
equation actually holds good with considerable accuracy up to very high 
concentrations The expression is — 

P(V - = RT 

where P is the osmotic pressure, 

V = the volume of solution in which i mole of solute is dissolved, 

R « gas cbnstant i 985 calories per degree or o 082 liter atmos- 
pheres, 

T = absolute temperature 

It IS important to note the definition of V, t & volume of solution, for 
in concentrated solution, owing to changes in volume (conti action or 
expansion) due to solute, one cannot assume that i liter of solution can 
be produced by adding the required mass of solute to i liter of solvent 
In the following table are given some of the data used by Sackur to 
test his equation in the domain of concentrated solutions 


Solvent WateY^ Solute Glucose at 0° C (Measurements of Berkeley 
and Hartley ) 


V 

P m Atmospheres 

PV (Obs ) 

PV Calculated by 
Sackur’s Equation 

I 805 

13 2 

23 9 

244 

0903 

29 2 

26 3 

268 

0565 

532 

300 

304 

0 402 

87 8 

35 2 

35 5 

0328 

121 2 

41 0 

40 6 


Solvet Water Solute Acetamide (Measurements of P obtained indirectly, 
from freezing-point determinations by Jones and Getman, Amer Chem Jonrn 
32, 308, 1904 ) 


P Atmospheres 

PV Observed 

PV Calculated by 
Sackur's Equation 

235 

235 

23 7 

496 

24 8 

253 

796 

26 5 

27 0 

114 

285 

29 0 

1485 

297 

31 0 

203 

33 8 

341 

272 

389 

382 

347 

43 4 

425 

445 

49 4 

48 2 
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Sackur found that the b term of the equation showed, m general, an 
increase, as solutes of higher molecular weight were employed in the 
same solvent Further, Sackur found that b was very sensitive to 
temperature Thus for glucose at o° C 3 = o i6, at 22° C ^ = o 093 
He considers that this is due to the hydration of solute molecules, the 
degree of hydration varying rapidly with temperature The applicability 
of the simple equation P(V - 3 ) = RT shows that van der Waals' con- 
stant a, which takes account of molecular attractions, can be neglected 
up to extremely high concentrations Sackur attempts to make this 
appear at least plausible on the following grounds The apparent 
lessening of the pressure (directed outwards) due to the attraction of 
the molecules, inwards, is naturally only effective at the surfaces of the 
compressed gases, or pure liquids (as these attractive forces balance one 
another in the bulk of the gas or liquid) In solutions, however, there 
exist, besides attraction between the solute molecules themselves, attrac- 
tions also between the solute molecules and the solvent molecules, and 
the latter, according to Sackur, “ are probably much the greater In 
the process of performing osmotic work, z e m the process of diluting a 
solution by the addition of some solvent, some work is done in drawing 
the solute molecules apart from one another, z e work agaznst the first 
type of attraction , while, on the other hand, the process of dilution 
is actually aided by the attraction between the solvent and solute 
molecules Since these two effects are mutually opposed, it is reason- 
able to expect that the total attraction effects in solution will only be- 
come noticeable at much higher concentration than in the gaseous 
state itself (Bredig, Zeztsch physzk Chem ^ 4 , 44, 1889) 


Connection Between the Osmotic Pressure oi Concentrated 
Solutions and the Relative Lowering of Vapour Pres- 
sure. 

This problem has likewise been the subject of much theoretical 
investigation, generally of a very complicated kind A full discussion 
will not be attempted here For further information the reader is re- 
ferred to the treatment of the subject and papers cited by Nernst m his 
textbook (English edition, p 155^^^), notably those of McEwan (Zeztsch 
physzk Chem , 14 , 409, 1894), Dietenci ( Wzed Annalen^ 42 , 513 , 1891 , 
50 , 47, 1S93 , 52 , 263, 1894), and also Noyes (Zeztsch physzk Chem ^ 
35 , 7071 1900 ) 

In the present instance we shall restrict ourselves to two lines of 
treatment, namely, that followed by Sackur in his book Lehrbuch der 
Thermochemze und Tkermodynamzk, p 200 seq , and also the more general 
comprehensive theory of osmotic pressure and lowering of vapour pressure 
as worked out by A W Porter (Part I, Proc Roy Soc ^ 79 A, 519, 
1907; Part II , Proc Roy Soc , 80 A, 457, 1908) 
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Sacktir^s modification of the Equation connecting Lowering of Vapour 
Pressure and the Osmotic Pressure for Solutions of any Concentra- 
tion 

111 dealing with the lowering of vapour pressure of dilute solutions, 
the following foimula for the osmotic pressure P was deduced — 

p = ^RT log^ 
dv p 

The vapour was supposed to behave approximately as a perfect gas, 

and fmther the term ^ was taken to be the density of the solvent which 

was considered to be sensibly the same as that of the solution, i e the 
solution was so dilute that on adding a volume of solvent d 7 J the volume 
of the solution increased exactly by this amount If, however, the 
solution is concentrated, addition of the solvent (volume dv) will not 
cause simply this increase in the volume of the solution The actual 

doc 

increase may be either less or greater than dv The term — as it 

appears in the thermodynamic cycle followed, must be replaced by a 
slightly more complicated function in the case of concentrated solutions 
Let us denote by p the density in grams per cubic centimeter of a 
given solution, which contains i mole of solute and x moles of solvent 
(reckoned as simple molecules), in V liters of solution If M is the 
molecular weight of the dissolved solute and Mq the molecular weight 
of the solvent, then we can write — 

M 4 * _ 

Viooo ^ 


and hence 


dx = ^(odv + Ydp) 
M9 


or 


dx _ 1000/ 

If c is the concentration of the solute in moles per liter (of solution) 
then dT == ^, and hence — 


dx _ 1000/ ^ dd\ 


Hence the expression for the osmotic pressure may be written — 

For a dilute solution c is nearly zero, and p becomes po, the density 
of the solvent That is — 


1000 


h 
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which IS the van’t HofF equation previously deduced with a slight 

alteration m the concentration units included in the term — ^ Sackur 

Mo 

has tested the above relation for concentrated solutions , the only 
investigation hitherto earned out which afforded sufficient data to calcu- 
late the expression completely being that of the Eail of Berkeley and 
Hartley {loc at ) on solutions of calcium ferrocyanide In the follow- 
ing table taken from Sackur s textbook, is given the comparison of the 
found and calculated results 


Vapour Pressure and Osmotic Pressure of Concentrated 
Calcium Ferrocyanide Solutions at o*" C 


Grams of 
Ca2Fe(CN)6m 
1000 Grams 
of Water 

P 

0 in 

Moles per 
Liter 

dp 

dc 

^ Found 

P 

P Atmosphere 
Calculated by 
Sackur 

P Atmos 
pheres 
Found 

3139 

I 224 

I 00 

0195 

1033 

40 7 

41 22 

395 0 

I 270 

I 23 

0 190 

1057 

70 8 

70 84 

428 g 

I 287 

I 32 

0 183 

I 070 

862 

87 09 

472 2 

I 309 

1 44 

0 181 

I 092 

114 0 

1 12 84 

499 7 

I 322 

I 51 


I 107 

131 0 

130 66 


As Sackur points out, this relatively simple formula gives very 
satisfactory agreement between observed and calculated values 
Berkeley and Hartley have deduced a more complicated formula which 
will be referred to in Porter’s theory {vide tnfra\ in which compressi- 
bility of the solution was allowed for as well In the above formula the 
solution is treated as though incompressible, the change in density with 
concentration being alone allowed for It must be remembered also 
that the vapour (of the solvent) has been treated as a perfect gas, and 
the solute has been treated as absolutely non-volatile 


Ported s Theory of Compressible Solutions of any Degree of Con- 
centration 

In the following account, Prof Porter’s own words are employed 
practically throughout It has been considered sufficient for the present 
purpose to restrict ourselves to the case in which solvent alone is volatile 
The further case, where both solute and solvent are volatile, is given in 
Porters second paper (loc at) One point remains to be noted, 
namely, the emphasis which is laid in Porter’s theory on the effect of 
hydrostatic pressure upon vapour pressure It is a well-known experi- 
mental fact that if we add, say, an inert gas to a vessel containing a 
hqmd and its saturated vapour, the increase in pressure in the vessel 
due to the inert gas, causes an increase in the actual pressure (partial 
pressure) of the saturated vapour From the molecular standpoint one 
might regard the phenomenon as due to the increased number of 
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impacts by the gas molecules on the molecules of the liquid, whereby 
more molecules per unit surface area are capable of forming vapour, % e 
the vapour pressure rises With this reference by the way we can now 
go on with Porter^s paper 

“This paper is an attempt to make more complete the theory of 
solutions, at the same time maintaining as great simplicity of treatment 
as IS possible without sacrificing precision Renewed attention has 
been called to the subject, owing to the success of the experiments of 
the Earl of Berkeley and Mr E J Hartley on the osmotic pressure of 
concentrated solutions of sugar Diversity of opinion has existed in 
regard to the interpretation of these experiments, insufficient attention 
having been previously paid to the influence of the hydrostatic pressure 
of the pure solvent upon the value of the osmotic pressure The 
prinapal advances made in this paper consist m simply demonstrating 
the influence of pressure upon osmotic pressure for compressible solutions 
and in including the effect of the variability of vapour pressure with 
hydrostatic pressure The influences of accidental properties (such as 
the effects of gravitation) are excluded 


Summary of Notation 

“The following is the notation employed All the values are iso- 


thermal values 
Solution — 

Hydrostatic pressure 

Vapour pressure corresponding to hydrostatic pressure p 
Vapour pressure when solution is in contact with its own 
vapour alone 

Volume at hydrostatic pressure p 

Reduction of volume when x gram of solvent escapes 

Osmotic pressure for hydrostatic pressure/ 

IS IS ss ♦ 

Solvent — 

Pressure of solvent when solution is at pressure p 
Corresponding vapour pressure 

Vapour pressure when hydrostatic pressure is that of its own 
vapour 

Volume at hydrostatic pressure /o 

ss ss ss '^OO 

Specific volume at hydrostatic pressure po 

ss ss ss ss “^00 

Vapour of Solvent — 

Specific volume at pressure ttoo 

15 ss 

55 55 '^p * 

5 5 55 • * 

A few special symbols are defined in the text 


P 

TTtr 

VP 

Sp 

P# 

P, 

/o 

’’"oo 




Oo 
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Relati07i betweeji Osmotic ami VaIoii7 Pressures 

The following isothermal cycle enables the above relation to be 
found A large (piactically infinite) quantity of a solution (unacted 
upon by any bodily field of force, such as gravity) is separated from a 
quantity of pure solvent by a semi-permeable membiane The solute is 
supposed to be tnvolaUle The solution is under a hydrostatic pressure/, 
while the solvent is under the hydrostatic pressure /o for which there 
will be equilibrium It is not intended that either of these pressures 
shall be restricted to be the vapour piessure of the coiresponding 
liquid ^ 

‘‘(i) Transfer i gram of solvent from the solution to the solvent by 
moving the semi>permeable membrane to the left, m Fig 28 , the work 
done upon the system is — 

- -f#) 

“ (2) Separate i gram of the pure solvent (at from the rest by 
partitioning off the lateral tube , change its pressure to ttoo (by aid of 



the lateral piston), so that it will be in equilibrium with its own vapour, 
and then evaporate it , the work done is — 



“ (3) Change the pressure of the vapour to so that it may be in 
equilibrium with the solution when under the hydrostatic pressure of its 
vapour alone , the work done is — 

-- f ""pdv 

'00 

“(4) Close the semi-permeable membrane which separates the 
solution from the solvent by a shutter to which hydrostatic pre'^sure/o 
can be applied , also enclose the solution by a second shutter, to which 
a pressure p may be applied [these two steps do not involve work] , 
the solution may now be removed Change its pressure to bring it 
into contact with the separated vapour of the solvent, which is also at a 

^ In fact, the values of the “ natural ” vapour pressures go in the opposite direc- 
mn, %e the vapour pressure TTn- of the solution is than the vapour pressure of 
the solvent whilst ^ is, as a matter of fact, greater than 
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pressure , condense this vapour into it, thereby increasing tte volume 
of the solution by s„ and then compress to a pressure/ The work 
done IS — 

_ - -r.) + + •^) 

^‘The connection through the semi-permeable membrane must now 
be restored, and then everything will be in its initial state, and the total 
work done, since the cycle is isothermal, must be zero 

“Adding the several terms, integrating by parts, and simplifying this 

equation, we obtain — 


(P^ + + pSp - 


“ udp 




sip 


or, remembenng that - /o, [smce equilibrium is maintained, as 

m Fig 28, by the help of/o and/] — 

(I) 


P sdf = + r 


“This IS the expression which gives the osmotic pressure for any 
concentration and temperature in terms of the vapour pressures, etc , 
correspondmg to the same concentration and temperature It includes 
the influence of compressibility, and states with precision the particular 
circumstances to which the various physical dau correspond iJot 
example, the vapour pressures xoo and x„ are the vapour pressures of 
the solvent and solution each under the hydrostatic pressure of its own 
vapour, and not under the hydrostatic pressures /o and / respectively, 
as might perhaps have been expected 

“In order to compare this equation with those hitherto given, we 
will first assume that i and u are constants (that is, we ignore compres- 
sibihty), and that the vapour follows the gas laws The equation then 
becomes — 

{p — ■”■,-)■? + (xqo - /o)*^ “ 

where R is the gas constant for solvent vapour This may also be 
written — 

(P^ + /o - + (P# + ’TOO - = RT log @ (3) 

“ The following special cases are of interest , , , , 

“ ist Let P,ro osmotic pressure when the solvent is under 

the hydrostatic pressure ttoo of its own vapour Then P^o ™ 
so that (P,ro + TToo “ ” o , and 

(P„„ + ^oo-^.y= RTlog(^) . (4) 

“This IS identical with van’t Hoffs case, except that he writes it in 
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the osmotic pressure when the so/ufyon is under 

p„j.„ on,, o™ v.po«. Then P. . „ _ 


(Pit + Wflo - TT^'ju = RX log 


c, ~ V’T,,/ * 

^ identical with' the Earl of Berkeley’s solution in which 
rTcIi tK ^“®o‘Jon was paid to the influence of pressure It is nre- 

ho^.r,s *’’’ "" 

Influence of Hydrostatic Pressure of Solution ufon Osmotic 
Pressure 

it) the concentration 

WA «’ " W)c^~ 

n s-llow for compression 

By differentiating the accurate expression equation (i), we get— 

V'^o/e Up (^) 

CMe*^meLiinff^^ same form as before, but the terms have now more pre- 

chanee m the change of osmotic pressure with 

Change m the hydrostatic pressure of the solvent is given by— 

V#oA ~ • • • (7) 

'' Comparison of Osmotic Pressures of Solutions of different Substances 
in the same Solvent 

[Companng two solutions, different solutes, same solvent 1 It is 
eaj to show that the two-fold isotony (for v^pouT aS for Ismotic 

foS^ror^ded L^^^ (‘he same 

ror auj, provided that the vapour pressures be measured for the solution q 

when under the same f^drostatu pressure This can be shown at once 

by considermg the arrangement represented in Fig 29 

anH h"" having the same solvent are contained in a vessel 

Tht °*^her by a semi-permeable membrane 

wnich will upset the initial osmotic equilibrium in such a direction as 
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to maintain the diffeicncc of vapoui pressures and thus to cause per- 
petual flow , the possibility of this we are entitled to deny 

‘'In order to show how this lesult is consistent with equation (i), 
it IS necessary to find the mode m which the vapour pressures vaiy 
with hydrostatic piessure 


" Variation of Vapour Pressure with Hydrostatic Pressure 


“ An approximate formula for this variation has been obtained by 
Professor J J Thomson in his Applications of Dynamics to Physics and 
Chemistry^ by means of the Hamiltonian method 

"The theorem that the vapour pressure of the pure solvent in- 
creases with the hydrostatic pressure can be obtained in a very simple 
way as follows — 

" Let a vertical tube (Fig 30) containing the solvent be enclosed in 



a closed chamber in a gramtational field, and let equilibrium be set up 
Let now membranes permeable to the vapour alone be inserted in the 
side of the tube at a distance apart dh Let p^ be the hydrostatic pres- 
sure in the liquid at any point, and that in the vapoui Then up^ 
being the specific volume of the liquid, and that of the vapour at 
the corresponding pressures, we have — 


4^0 = “ 


,dh 




c)7ro. Up 

whence — ^ = L 

Vo 

"This method is not applicable to the case of the vapour of a solu- 
tion, because the concentration of the solution changes with the height 
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“We will proceed to find an exact formula for tins variation by 
means of an isothermal thermodynamic cycle, consisting of several 
stages — 

A large volume V of solution is taken with a space above con- 
taining an inert gas (say, air) and \apour enclosed by a piston semi- 
permeable to the vapour alone, which is again enclosed by a 
non-permeable piston (Fig 31) The semi-permeable piston will ex- 
perience the pressure A due to the mert gas , the pressure on the 
non-^rmeable piston will be the pressure of the vapour alone, which is 
'TTp, J-he volume of the gas and vapour is initially 

*‘(i) Evaporate i gram of solvent from the solution by withdrawing 
e outer piston, leaving the inner one fixed , work done upon the 
system in this process is equal to — 

Ssp - - Sp) or - + J,Sp 

where is the specific volume of the vapour at the pressure vp, and 
P ^ A + TTp, 



total pressure to / = A' + vp, by moving both 

^'tiuid condenL or evaporates 
Ihe work done by the inner piston is— 


^Ad{Y -s+YA 

Jp^vp 


and that done by the outer piston is — 


^wd{v + Y - s + Yj, + Vb), 


^ volume which represents the fact that the vapour which 
pressure was to Ae left of the inner piston may have passed 
f smce the law of com- 

E gat A ^ the 

noht fn ^ the vapour by moving outer piston from 

nght to left, keeping inner piston fixed 

Work done is — _ 
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‘‘ (4) Restore the original state of the system by suitably moving the 
two pistons , work done upon the system is — 

+ V*) + + Ve) 

where lirdl ^ must be the same as before 

Since the above represents a complete isothermal cycle the total 
work is zero , that is, after integrating by parts, 


rp> 

sdj> = 
P 


^ 1 ) dp 


whence— ^ = fl . . (10) 

¥ % 

It IS convenient to take as the upper limits of the two integrals— 
p' = and TTp, = 

This result is for a solution of any concentration , hence, for the 
pure solvent we have — 



and 


^0 


(IX) 


This last result is identical with the result obtained by Professoi 
J J Thomson as an approximate solution , we now see that it is ac- 
curate, provided that precise meanings be given to the variables con- 
cerned 

‘‘It IS convenient to take as the upper limits of these integrals 
^0' == TToo and = ttqq 

“ By means of these equations we can now transform equation (i) — 
We have — 


r = r '^vdp 

Jp 

Inserting this in (i), 

= r ^z)dp , (12) 

-^’*'00 

“These integrals depend only upon the properties of the pure 
solvent and upon the limits of integration 

“The approximate form of the above equation is — 

(P^ - / + «-«o)« = RTlog(^) 

“When p IS the value for which the hydrostatic pressure of the 
solvent is ttqq, the left-hand side of this is zero , consequently, m this 
case TToo = irp (from the right-hand side) This is simply a special case 
of a general relation to be proved next 


"^p-v (“ita Cir^ 

^udp = vdp + vdp 

J ‘^nn •' ^TT ^nn 
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“ Again, inserting the value for both 
ton (i) — 




*0 

sdp and iidp into equa- 


00 


f ^vdp = ^^vdp + r vdp 

J J ^00 


or 


vdp 


whence 


% 




That is, when a solution is in osmotic equilibrium with the 
pure solvent, as in Fig 28, the vapour pressure of the solu- 
tion IS equal to the vapour pressure of the pure solvent, eaoh 
measured for the actual hydrostatic pressure of the fluid to which 
it refers! 

“That this IS so is almost immediately evident from the following 
case — 


“ The solution and solvent are placed in a vessel and separated by 
a semi -permeable membrane (Fig 32) The space above is also 

separated into two parts by a partition 
semi-permeable to the vapour of the 
solvent, but not to an inert gas A 
pressure difference p - po — Yp is 
maintained between the two sides by 
aid of an inert gas Then, unless the 
vapour pressures Tp and ttqpq are equal, 
a flow of vapour will occur with such 
consequent evaporation and condensa- 
tion on the two fluids respectively as 
to upset the initial osmotic equilibnum 
m a direction which will maintain the 
difference of vapour pressures and thus 
cause perpetual flow, the possibility of 
which we are entitled to deny This 
conclusion may be taken as a check upon the equations which we have 
denved 

“ We have considered only the case of a non- volatile solute, but it 
is easy to see that this theorem must be equally true if the solute is 
volatile, for the upper partition may be taken impermeable to the 
vapour of the solute , and the argument is, in such a case, in no way 
changed 


A 

Ao 

^r,1po 

Solution 

Solvent 


Fig 32 


“ Standard Conditions of Measurement 

In whatever experimental ways osmotic pressures may be deter- 
ii^ed. It IS necessary to decide on the standard conditions to which the 
obtained values shall be reduced for the purposes of tabulation and 


^ t solution IS under a hydrostatic pressure the solvent is under a hydro 

U pressure /q, such hydrostatic pressure being produced by an inert gas 
pressme important points of Porter’s theory of osmotic 
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comparibon , that is, to what hydrostatic pressure shall they refer "> 
When osmotic pressures are compared by De Vnes’ original method, 
as they still often are (by means of vegetable or animal cells), the solii- 
tion is under only a moderate pressure On the other hand, when 
values are obtained by the method adopted by the Earl of Berkeley, it 
IS the pure solvent that is under a moderate pressure The values 
of the osmotic pressure will differ m general in the two cases 

Now It seems most natural to reduce always either to the value 
corresponding to the solvent under its own vapour alone or to that cor- 
responding to the solution under its own vapour alone , and of these two, 
the latter seems the better It is indeed most natural of all to think 
of the osmotic pressure as being a property of the solution (just as its 



vapour pressure, volume, etc , are), the pure solvent being only brought 
into consideration m a secondary way in connection with an expen- 
mental mode of determinmg the osmotic pressure It may be objected 
that if this standard be adopted the eqmlibrmm pressure of the pure 
solvent will, even for moderate strengths of solution, usually be negative , 
that is, the solvent would require to be under tension The difficulty 
IS relieved when it is remembered that a certain amount of tension 
in liquids is practically possible, and the osmotic pressure for a strong 
solution might always be conceived as being measured against a less 
strong solution, and this in turn against a less, and so on, till the pure 
solvent was reached If this standard be adopted, we have, from equa- 
tion (i) — 
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an equation which is capable of being graphically represented on the 
indicator diagram foi the pure solvent (Eig 33) 

“ The equation, in fact, states that the hatched area must be taken 
equal to the dotted area , the vertical height of the former then gives 
the osmotic pressure ’’ 

Porter s equation has been applied by O W ood to the calculation of 
the osmotic pressure from the results of vapour pressure measurements 
obtained in connection with concentrated solutions of sucrose in water 
at a series of different temperatures (cf Wood, Trans Earaday Soc ^ 
1915) Porter (Trans Earaday Soc , 1915) has further considered von 
Babo s law, and Kirchhoff’s equation for the latent heat of dilution of a 
solution, laying special emphasis on the assumptions introduced into the 
deduction of the expressions as obtained in their usual form The 
reader is referred to the paper for details 


Liquid Mixtures 

These are solutions in which the vapour pressure of the solute can- 
not be regarded as negligible compared to that of the solvent— m fact 
the terms solute and solvent are not very applicable, as both liquids may 
be present m large amount Such systems have been examined 
theoretically and practically by Dolezalek (Zeitsch phystk Chem , 64 , 
727, 1908, thd 19^3 19^0), see also Stern, loc cit ^ and Washburn 
Amer Chem *5^^,32,670,1910) The following simple relation 
has been put forward by Dolezalek as being of fundamental importance 
in these cases The partial vapour pressure pa, of a component a present 

in the liquid state is proportional to the molecular concentration of the 
component a in the liquid state when such concentration is expressed 
as a fraction of the total number of moles present If is the fractional 

molar concentration of a in the liquid 
state at a given temperature, and pQ is 
the vapour pressure which the liquid a 
alone would exert, then the partial pres- 
sure of a in the mixed vapour is given 
by pa, where — 

Pa = 

Washburn (loc cit and Trans. 
Amer Electrochem Soc , 22 , 330, 1912) 
has shown m the following manner 
that this simple relation can only hold 
if the liquids composing the system are 
perfectly miscible Thus, suppose we 
had a system consisting of two liquid 
-u layers m a tube (Fig 34) in equili- 

bnum, &e component a bemg present in each layer On the above 
^sumption -we will have for the vapour pressure of a above the one 
layer the expression — 
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and similarly for the other the vapour pressure of a is— 

But since perpetual motion (distillation of a via the vapour, from 
one layer to the other) is impossible, it is necessary (by the Second Law 
of Thermodynamics) that == a,nd hence That is, the 

molar concentration of cc in both layeis is identical But this is applic- 
able to all the molecular species present in each layer, and hence both 
layers are identical, and cannot therefore form two phases We must 
therefore conclude that the above simple vapour pressure law only holds 
for mixtures composed of perfectly miscible liquids and cannot apply to 
the cases in which partial miscibility exists The problem of liquid 
mixtures is m a rather rudimentary stage at present, and further discus- 
sion of It in a book of this kind must be omitted ^ 

1 In addition to the references given, the reader should consult the papers of 
Rosanoff and Easley (yowm Amet Chem , 31, 953, 1909 , Chem , 

68, 641, 1910), and especially the chapter devoted to the subject in Partington’s 
Thermodynamtcs 



CHAPTER X 

Equilibnum in heterogeneous systems, in the absence of electrical, capillary, Or 
of^STnot^^^^ effects — The Phase Rule and some of its applications — The theory 

In VoI I the question of heterogeneous equilibrium, t e equilibrium in 
a system consisting of more than one phase, was considered from the 
kinetic standpoint, the generalisation employed being the Distribution 
Law of Nernst We now take up the study of heterogeneous equihbnum 
from the standpoint of thermodynamics 


Thermodynamical Deduction of the Nernst Distribution Law 


We can deduce the Distribution Law by means of a simple thermo- 
dynamic cycle earned out at constant temperature 

Thus, consider the two equilibrium systems I and II (Fig 35), 



Fig 35. 


^ / two phases m contact (say, water and benzene) with 
fn distnbuted between each pair of phases Suppose 

m system I the concentration of the aniline m the water and benzene 
I" system II the concentrations are .3 and 
r^pectively The systems are both at the same temperature Suppose 

^'S ttis in^the 

to suppose that the solutions are all sufficiently dilute 

to allow of the apphcation of the gas law It is required to show that- 


- = - = constant 


removed from ^ ^ quantity In gram-moles of aniline are 

removed from the benzene solution m I and transferred to the benzene 
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solution m II isothermally and reversibly The maximum work done 
at constant temperature (and practically constant volume) is — 


Bn-RT log& 

^3 

2nd Sfeji —'Now suppose the quantity Sn at passes at constant 
temperature and volume into the water layer at concentration c. No 
work IS done, since the system (II ) is in equilibrium 

^rd Step Transfer the quantity In from the watei layer m II to 
the watei layei in I The maximum work done is — 


SnRT 

4/^ Allow the quantity to pass into the benzene layer in 

bince the system I is in equilibrium, this transfer at constant 
temperature and volume involves no work The cycle is now completed 
and since It has been carried out isothermally and reversibly it follows 
irom the Second Law that the total work is zero That is 


8«RTlog^ + 8«RT log = o, 
or ~=-or~=-« constant 

^8 ^4 ^2 ^4 

which was to be proved 

Having already given considerable experimental illustrations of the 
principal of the Distribution Law, it is unnecessary to consider it further 
here Instead we shall take up the subject of heterogeneous equilibrium 
from a much more general standpoint 


The Phase Rule 

Following this method we arrive at an important generalisation 
called the Phase Law, or Phase Rule, first deduced by Willard Gibbs in 
1878 (cf Gibbs’ Scientific Papers, published by Messrs Longmans) by 
means of his “ chemical potential ” method Gibbs’ Rule received, 
however, no practical application until it was taken up by the Dutch 
physical chemist, Bakhuis Roozeboom, who showed in a series of 
classical researches, the fundamental importance of the principle as a 
gmde^to the behaviour of heterogeneous chemical systems {cf B Rooze- 
boom’s book, Heterogene Gleichgewichte, which has recently been re- 
edited and extended by Meyerhofifer) The original method of deducing 
the Phase Rule employed by Gibbs is by no means simple, and many 
alternative methods have since been described by vanous authors A 
good method is given in Nernst’s Theoretical Chemistry In the follow- 
mg pages an attempt is made to deduce the principle, first of all by a 
very simple method based on that suggested by J A Muller {Comptes 
Rendus, 14 ft 866, 1908), and secondly a more rigid thermodynamical 
method is given for those who have followed the chapter on more 
VOL 11. 17 
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advanced thermodynamic principles in Chap II of this book It must 
be emphasised that the Phase while extraordinarily useful, 

could not hold its important position were it not that at the same time 
we make use of the Le Chatelier-Braun principle of ^‘mobile equili- 
brium’’ The importance of the simultaneous application of both 
pnnciples has been emphasised by W D Bancroft, in the introduction 
to his book, Tlw Phase Rule Within the confines of a single chapter 
It is obviously impossible to give more than the briefest outline of the 
applicability of the Phase Rule to a very few typical examples In 
order to grasp the full significance of the Phase Rule, the reader is 
therefore recommended, after reading this chapter, to consult the work 
of Findlay on The Phase Rule and Desch’s Metallography^ in this series 
of textbooks, and, above all, Roozeboom’s book already referred to 
Before proceedmg to consider the Phase Rule itself, it is necessary 
to obtam a clear idea of what is^ meant by the terms phase^ component^ 
and degrees op freedom Findlay (loc cit) defines them thus ‘‘A 
heterogeneous system is made up of different portions, each in itself 
homogeneous but marked off in space, and separated from the other 
portions by boundary surfaces These homogeneous, physically distinct 
and mechanically separable portions are called phases ” Thus ice, 
hquid water, and vapour (steam) are three phases of the same chemical 
substance, water A system may be made up of any number of coexist- 
ing phases It is important to remember, however, that in any system 
there can never be more than one vapour phase, because all vapours 
and gases are miscible in all proportions Thus take the classic case 
of heterogeneous equilibrium, namely, the dissociation of calcium 
carbonate The system here considered is made up of two solid phases, 
% e calcium carbonate and lime, one gas or vapour phase which is 
practically entirely carbon dioxide, though we must imagine that there 
are a few molecules of lime and calcium carbonate present, since all 
substances have a vapour pressure, even though it is extremely small in 
the case of most solids This system consists therefore of three phases 
Agam, consider the case of ammonium chloride partly in the solid and 
partly in the gaseous state There is one solid phase, namely, solid 
ammonium chlonde There is one vapour state consisting of ammonia 
gas and hydrochlonc acid gas, and a small quantity of undissociated 
ammonium chlonde vapour This heterogeneous system consists of 
two phases The system containing a solid substance in contact with 
a saturated solution of that substance, and vapour above the liquid, con- 
sists of three phases, one solid, one liquid (the solution), and one vapour 
It is important to bear in mind that tn phase equilibrium the equilibrium 
IS independent of the absolute mass or amount of the phases Thus in the 

c^e of calaum carbonate in equilibnum with lime and carbon dioxide, 
the position of equilibrium (determined, say, by the vapour pressure 
value as we saw from the standpoint of the Law of Mass Action) is 
quite unaltered by further addition of calcium carbonate or lime The 
mpour pressure of a liquid is unaltered by increasing or diminishing 
me quantity of the liquid. Also the concentration (saturated) of solid 
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dissolved by a given liquid is independent of the quantity of solid in 
contact with the liquid If m the CaCO. - CaO - CO, system we 
lad simply increased the volume of the gas phase by expanding the 
containing vessel, some more of the CaCO, would dissociate, the 
pressure would again take on its original value although the absolute 
amount of the vapour phase is greater than m the first state Similarly 
It we diminish the absolute amount of the vapour phase in the above 
case by diminishing the volume of the vessel, we leave the equilibrium 
point unchanged Also if CO2 gas were added to the system, the 
pr^sure would remain constant, i e the equilibrium would be unaltered, 
as long as aiiy t^O remained unchanged into carbonate (since the for- 
mation of solid CaCOs is the process which occurs in order to keep the 
constant) When enough CO, had been added to change 
a// the CaO mm CaCOg, the gas pressure would begin to rise (on further 
adition of CO2), but this alteration in the equilibrium point is not 
unexpected, when we consider that we have altered the nature of the 
system by causing one of the phases (CaO) to entirely disappear as such 
Under these circumstances the alteration in pressure on adding the CO9 
would predict on the basis of the Phase Rule 
Having made clear what is meant by the term phase, we have to 
consider the meaning of another term — component A phase is made 
chemical substances or constituents It might be 
thought that these constituents also represent the components of the 
system This, however, is only partly correct By the term com- 
ponents IS meant those constituents the concentration of which can 
undergo independent variation in the different phases Findlay (toe cit ') 
gives the following definition — ^ * 

components of a system there are to be chosen the smallest 
number of independently variable constituents, by means of which the com- 
position of each phase participating in the state of equilibrium can be 
expressed in the form of a chemical equation 

The idea will be made clearer by considering a few examples 
Take the case of the system liquid water and steam in equilibrium 
TT % components is one, namely, the chemical constituent 

I he system consists of two phases, namely, liquid and vapour 
but the one component (H2O) is all that is necessary to cause the 
rormation of either phase At the so-called triple point at which 
we have ice, liquid water and vapour coexisting, again the system is a 
one- component one, although existing m three phases The actual 
chemical constituents, say, in the solid and liquid phases, can be repre- 
sented by (H20)3 and (H20)2 or other polymers, but these are all 
directly produced from the one component HgO Take another case, 
namely, the system consisting of copper sulphate penta-hydrate and tri- 
hydrate, in contact equilibrium with water vapour The solid phases 
are CUSO4 5H2O and CUSO4 3H2O The vapour phase consists 
practically entirely of H2O, namely, water vapour The number of 
phases is three, one vapour and two solid The number of components 
(or independent variable constituents) is two, namely, CUSO4 and HgO. 
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regard the system as containing two components, NHg and HCl These 
being independently variable constituents, we can form all the phases 
by their means Under these conditions the ammonium chloride dis- 
sociation becomes analogous to the calcium carbonate or copper 
sulphate-hydrate equilibrium As regards nomenclature it is usual to 
denote the number of phases of a system by r and the number of 
components by 7? We may conclude this discussion of what is meant 
by the components of a system, by quoting another definition of com- 
ponent, namely, that given by Kuenen {Proc Roy Soc Edtn , 23 , p 
317, 1899 — 1900) — 

“ In determining n we must not count separately those substances 
which in all the phases (either separately or in combination with others 
in the ratio in which they occur in the same phase) may be formed out 
of those that have already been counted, with the additional undei- 
standing that if we obtain different results for the total number, by 
counting in a different order, we are to take the smallest of the numbers 
found ” 

Having defined the terms phase and component we have now to con- 
sider a further term, namely, the degrees of freedom ^ of a system 

In deducing the conditions for equilibrium in a heterogeneous 
system, z e in deducing the Phase Rule, Gibbs regarded every system 
as defined by the three independent factors or variables — temperature, 
pressure, and the concentrations of the components in each phase Now 
m dealing with equilibrium from the standpoint of thermodynamics, 
there are certain “ thermodynamic criteria of equilibrium,’’ such as those 
with which we have already become acquainted These criteria take 
the form of thermodynamic equations containing terms called thermo- 
dynamic potentials characteristic of each component, the equilibrium 
being reached when these potentials reach certain values (One such 
potential of which we have made frequent use is the free energy of a 
component This, however, cannot be conveniently employed here ) 
By means of these equations it is possible to fix the values of a certain 
number of the variables of the system, m fact as many variables as there 
are equations But the number of variables actually possessed by a 
system may be greater than the number of thermodynamic equations 
The difference between the number of vanables and the number of 
equations gives the number of variables which are left undefined by the 
equations These vanables, which are really variable at will, are called 
the degrees of freedom of the system Of course, as long as no definite 
values are assigned to these variables the equilibimm of the system as a 
whole will remain undetermined Findlay’s definition (/ ^ ) of degiees of 
freedom of a system is as follows The number of degrees of freedom 
of a system are the number of variable factors, temperature, pressure, 
and concentration of the components, which must be arbitrarily fixed 

^ The term degrees of freedom m the present case must not be confused with 
the same term already referred to m dealing with the possible modes of motion of 
molecules and atoms Of the section dealing with specific heat and energy 
quanta, Vol III 
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in order that the conditions of the system may be perfectly defined ” 
This will be better understood by considering a few examples Take 
the case of liquid water in contact with water vapour This is a two- 
phase, one-component system We know as a fact of experience that 
these two phases can coexist over a considerable range of temperature, 
without either disappearing or any new phase appeanng If we arbi- 
trarily fix the temperature of the system (say 25° C ), we know also as 
a fact of experience that the pressure will take up a certain equilibrium 
value, namely, the pressure of saturated water vapoui at 25° C , and the 
system will remain in this state for infinite time On altering the tem- 
perature to another value (within limits) other equilibrium positions 
will be taken up In fact, in this simple case the temperature of 
equilibrium is entirely defined by one arbitiary variable, the tempera- 
ture That is, this system possesses one degree of fieedom We shall 
see later how this is predicted by the Phase Rule Suppose, however, 
that we lower the temperature of the system until ice makes its appear- 
ance The system then consists of three phases — ice, liquid water, 
vapour It IS a fact of experience that these three phases can only 
coexist in equilibrium at a single pointy 2 ^ at a single value of tempera- 
ture and pressure, the so-called triple point, which is approximately 0° 
C In this case we cannot alter any variable at will, for if we alter, say, 
the temperature by raising it, the system will change m the sense that 
ice will disappear, and we are no longer dealing with the equilibrium of 
the three phases Similarly, if we lower the temperature, the liquid will 
entirely change into ice, and we are left with the two-phase equilibrium, 
solid — vapour A system which can only exist at a single point is 
easily determined by the thermodynamic criteria, or equations which 
now fix all the variables The system ice — liquid water — vapour is said 
to possess no degrees of freedom or to be mvaiiant If, on the other 
hand, we consider again the liquid water — vapour case, and raise the 
temperature beyond the cntical point, i e beyond the point at which the 
liquid water can exist at all, the system will change entirely into one 
phase, the vapour, and this vapour can exist as such under changes 
of both temperature and pressure That is, the system possesses two 
degrees of freedom Note, we look upon the persistent existence of a 
phase as the experimental evidence for believing that the phase repre- 
sents an equilibrium or stable state In the above simple case we have 
not had to consider concentration variables, for the system is one 
component (concentration being defined as the ratio of one component 
to another) Hence the concentration in each phase remains constant 
throughout Let us now take a case in which concentration changes 
can occur, namely, the two-component system HgO — NaCl Suppose 
we consider first of all the aqueous solution in contact with vapour 
How many independent variables, z e degrees of freedom, does such a 
system possess ? Let us arbitrarily choose a certain strength of solution, 

say — Let us also select a certain temperature, then the vapour 

pressure will automatically fix itself and equilibrium will be maintained, 
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the pressure bein^hal of water vapour (saturated) over the salt solution 

of concentiation — (This vapour pressure we already know is less than 

the vapour pressure over pure water at the same temperature ) Before 
equilibrium could be fixed it was necessary to assign arbitrary values 
to the two variables, concentration and temperature That is, the two- 
phase system considered possesses two degrees of freedom Of course 

the actual choice of variables to which we wish to assign arbitrary values 
would not necessarily be the temperature and concentration, although 
tliese are the most convenient in the above illustration Thus let us 
^ppose that we assign a certain pressure and tempeiature to the system 
Then in order that the system may realise these and at the same time 
be in equilibrium we must alter the concentratio7i of the salt to suit 
Hence the concentration of the system is not an arbitrary quantity, but 
IS defined by the fact of having assigned arbitrary values to the tempera- 
ture and pressure Again we see that the system has two degrees of 
freedom [l e is bivariant) although our choice of the actual arbitrary 
variables differs from that in the first case In an exactly analogous 
way we could have chosen, arbitrarily, a certain pressure and concentra- 
tion, and we would have found it necessary to alter the temperature of 
the system in order that the system might reach an equilibrium state 
corresponding to the aibitrarily chosen pressure and concentration 
values Suppose now we cause a new phase to make its appearance, 

say ice The system must be cooled down, of course Suppose we 

fix the concentration of the solution Then it will be found that such 
a solution “ freezes at a certain temperature ” This is the same thing 
as saying that the system ice— liquid solution of salt of fixed concentra- 
tion-vapour can coexist in equilibrium at a single temperature and 
pressure Having fixed the concentration of the solution, the equili- 
brium of the three phases is altogether fixed That is, the system 
possesses one degree of freedom (the concentration m this case) If we 
alter the concentration of the solution, say, by increasing it, the solution 
will freeze at a lower temperature That is, once more equilibrium is 
obtained, but the fact of altering the concentration has caused a con- 
comitant change in the temperature and pi essure of the system We 
might choose any one of the variables, temperature or concentration, 
but It will be found that having arbitrarily fixed the value of one all 
others are thereby fixed too, te wt cannot assign arbitrary values to two 
variables simultaneously If we attempt to do so the system will alter 
in respect of the number of its phases, i e the ice may disappear, for 
example Having illustrated what is meant by a ‘‘degree of freedom,'^ 
we can now proceed to the deduction of the Phase Rule— a generalisa- 
tion which allows us to pi edict many of the facts already referred to as 
having been experimentally obtained 

Statement of the Phase Pule 

The Phase Rule states that a system consisting of n componenU and 
r phases IS capable of in - r + 2) tndependetit variations. That is thp. 
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number of independently variable quantities or “ degrees of freedom ’’ 
of such a system is (n - r -b 2) This refers, of course, to the equili- 
brium state finally reached Denoting the number of degrees of 
freedom by/ we can wiite the Phase Rulem the form of the equation— 

^ + 2 

This generalisation holds good for all cases m which electrical, capillary, 
gravitational, and radiational effects are absent or negligible Before 
proceeding to the deduction of the Phase Rule it is necessary to under- 
stand what is meant by ^Uhe. number of variables of a system 

In any system one can alter the temperature and pressure These 
represent two of the variables of the system, but they do not represent 
all the variables It is evident that components can be present at dif- 
ferent concentrations, and hence the number of concentration variables 
must also be taken into account Let us fix our attention on one of 
the components only, which we may denote by a Concentration terms 
are essentially ratio terms^ say, the ratio of the number of molecules of 
the given component {a) in a given phase to the total number of mole- 
cules of all sorts which go to make up the composition of the phase 
If there are n components in each phase, the number of such concen- 
tration terms is evidently (?2 — i) for each phase Thus suppose a 
phase to consist of two components, t e a solution of common salt 
in water The composition of the phase is completely determined 
when we know one ratio, i e one concentration, namely, the ratio of 
molecules of salt ^ 

molecules of salt and water components, two salts and water, 

the composition of the solution is defined when we know the ratio of 
molecules of ist salt molecules of 2nd salt 

total molecules m phase’ ^ total molecules in the phase 
one ratio or concentration term is sufficient to define the composition 
of a phase consisting of two components, two ratios or concentration 
terms are sufficient to define the composition of a phase containing 
three components, and therefore (n — i) ratios or concentration terms 
are sufficient to define the composition of a phase containing n com- 
ponents If the system as a whole consists of r phases (there being 
in each phase n components) evidently the total number of concen- 
tration ratios or concentration variables is r{n - i) Hence the total 
number of variables possessed by a system consisting of n components 
in r phases is — 

rfi - i) + 2 

Deduction of the Phase Pule by means of the Thermodynamic 
Potential $ ^ 

In the chapter (this Vol, Chap II ) on the more advanced treat- 
ment of thermodynamics, it has been pointed out that the value of the 

1 Compare Duhem, fouvn Physical Chem , 2, 34, 1898 
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quantity the thermodynamic potential of a substance, can be em- 
ployed as a criterion of equilibrium, equilibrium being reached when 
IS a minimum The of a single substance vanes with the tempera- 
ture and pressure As long as we keep to pure substances (t e one- 
component systems), such as liquid water in contact with vapour or ice, 
the equilibrium is determined by temperature and pressure alone, since 
concentration is necessarily constant, being always unity If the tem- 
perature and pressuie of the liquid phase is equal to the temperature 
and pressure of the gaseous or solid phase, then we know that the $ of 
each phase is the same When concentration terms enter, however, the 
‘J* of a component depends on its concentration in a phase as well as on 
the temperature and pressure of the system If we consider a substance, 
2 <? a component distributed between two phases, both phases being at 
the same temperature and pressure, we can say that equilibrium dis- 
tribution will be obtained when the <E> of the component in the first 
phase = the $ of the same component in the second phase Through- 
out a system consisting of many phases (say r phases), each component 
being present to a greater or smaller extent in every phase, equilibrium 
with respect to any one of the n components is reached when the of 
that component has the same value in every phase Consider such 
a system consisting of n components m r phases, and let us fix our 
attention on one component which we can denote by a Suppose an 
infinitely small quantity dma of component a is transferred from the first 
phase to the second phase The decrease in the ^ of the component a 
in the first phase, which we can denote by is given by the expres- 
sion — 

The increase in the ^ of the same component in the second phase is 
given by — 


Now if the system is in equilibrium as a whole the component a must 
have distributed itself in equilibrium throughout all the phases, and 
therefoie between the first and second phases But the criterion of the 
equilibrium distribution of the component a (the temperature and pies- 
sure of which we have kept constant, having simply made a mrtmL 
variation in the concentration) is that shall have remained un- 
changed , that IS = o But — 
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Two~Compo 7 ient Systems 


Components 

Possible Phases 

CaO, COj 

CuSO„ H^O 

FeCl„ HjO 

NajSO^, HjO . 

Fe, C 

Solids {CaCOj, CaO)— gas (COh 

Solids CuSO, 5H2O, CuSO^sH^O, CuSO^, ice— 
liquid solutions — water-vapour 

Solids FeClg anhydrous and several hydrates, ice 
— liquid solutions — water- vapour 

Solids anhydrous salt, hepta and deka hydrate, 
ice — liquid solutions — water vapour 

Solids alloys (steels) — liquid — vapour 


Three-' Component Systems 


Components 

Possible Phases 

Two salts with a common 
ion — HjO 

NaCl— KCl— HoO 

KCI— MgClj— HjO 

NaO— (CHsCOjaO— HjO i 

Several solids — solution — ^vapour 


Four-Component Systems 

Components Two salts ■without a common ion (so-called reciprocal 
salt pairs such as sodium chloride and ammonium bicarbonate) and 
water in addition This particular system is that occurring in the 
ammonia soda or Solvay process of formation of sodium carbonate 
i ossible Phases several solids — solution — vapour 


One-Component Systems Component HjO 

We shall consider the conditions of equilibnum in some of the 
systems to which this component can give rise Take the system 

Liquid water — water ■vapour in contact 

This system consists of two phases Applying the Phase Rule, since 
^ I and r ^ 2, we get — 

“’^+2=1 — 2 + 2 = 1 

1 his system possesses one degree of freedom, i e a univanant system 
Ihat IS, if we arbitrarily fix the temperature, say, then the system as a 
whole will assume a certain equilibnum state By choosing a senes of 

a corresponding senes of equilibrium 
states I his can be indicated on a temperature pressure diagram by 
means of the usual vapour pressure curve {cf Fig 36) On a diagram 

^ Dunnmghara, Tram Chem Soc , loi, 431, 1912 
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The Sysiem Liquid water — ice [ordinary forni^ 

A one-component system consisting of these two phases is also 
bivanant The series of equilibiium states, corresponding, say, to a 
series of pressure values, is lepresented by the line OC The line OC 
IS the freezing-point curve The upper limit as far as temperature is 
concerned is -f o 007° C since ordinary ice cannot exist above this 
temperature By increasing the pressure on ice alone, we know that it 
will melt This means that if we have ice and water together, under a 
certain pressure, say the pressure of saturated vapour, there will be 
an equi ibrium at 0, and on arbitrarily increasing the pressure it will be 
necessary to lower the temperature of the system m order to keep the 
ice as a permanent part of it On the basis of the Le Chatelier-Braun 
principle, the change of freezing temperature [i e equilibiium tempera 
ure; with pressure is extremely small, as one would expect from the 
small volume change that accompanies fusion, and hence the line OC 
IS very steep 


The System Ordinary ice — liquid water — Dapour 

This system consists of three phases, and since there is only one 
component /= o, i e the system is invariant or has no degrees of 
freedom This means that we cannot fix any condition (such as tem- 
perature and pressure) arbitrarily This system can only permanently 
exist at a single point on the temperature-pressure diagram This 
equilibrium point is O, which corresponds to the conditions— 


T — -t- o 0076° C, P = 4 579 mm mercury 

If we attempt to alter either T or P, one of the phases will disappear 
Thus on raising the temperature to the slightest extent the ice phase 
will vanish, and the system will again be in equilibrium on the OA curve, 
infinitely close to O On loweimg the temperature the vapour and the 
liquid phase mil both tend to disappear Which will disappeai first 
depends on the absolute amounts of each If the vapour disappears 
first the system will agmn cease changmg, « « will come into an equili- 
brium position on the OC curve at a point infinitely close to O If the 
liquid phase disappears! first [le becomes solid) the system will be on 
the curve OB The point O at which three phases are in equilibrium 
IS called a triple point 


The Hypothetical Case Two forms of tee '^—liquid water— vapour 

This being a one-component system n = x 
There are four phases r = 4 


- See later Tammann and Bridgman’s work on the various forms of ice. 
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to 3500 kilograms per square centimeter pressure, had shown the ex- 
istence of three different forms of ice, Bridgman, by working up to 
20,500 kilos per square centimeter, has succeeded in demonstrating 
the existence of yet two other stable foims, making five definite crystal- 
line varieties of ice All these forms, with the exception of ordinary 
^ are than that of water Bridgman was able to locate 

of ® equilibrium) and 

ten out of the eleven possible transition lines (two phases m equilibrium) 

have been followed The sixth triple point and the eleventh eqmh- 
briuin line he at the temperatures so low and pressures so highVat 
reacbon, the rate of transformation ^of one 
ranety into another, makes them practically impossible to deteimine 

The Imef OA°^OB^ or®® “transition” 

ihe lines OA, OB, OC, in the figure 36, are transition lines The 

triple pomt, such as O, is called the “transition point ” The method 

of determining the actual existence of new substa^es, such as the new 

c^stellme forms of ice, is to try and map out on a T and P diagram 

S®tmn®smon and determine the loration 

of transition pomts In this way we can visualise the range of stable 

^ contact with other phases 

BnSrLn 37 ) has been mapped Lt by 

5 S anH fhTi"^ a® relations of the five different forms 

of ice and the liquid The various forms of ice are denoted bv the 
symbols ice, I , II , III , V , and VI , respectively The new forms dis- 
covered by Bridgman are ice V and ice VI The absence of the term 

although Tammann obtained some evi- 

fhu l ^ modification, there 

cv, considerable doubt in regard to its existence If later it 

Ja.™ “ '» » °» tha above scheme of m 

fa“Ti) <>““*»<>” of ‘O' IV, see Bndgman’s paper, /e, pp 

It Will, perhaps, make the diagram more easily understood if we 
imapne ourselves following out the behaviour of the HoO system 

Tbrihw” ? 1 ^"Pl® P°““‘ ^ The observer IS supposed 

Jhoncf^^lV simply the different forms of icj even 

Wlh ^ enclosing vessel is necessarily hard steel to withstand 

Tf ^'^®®®’^'^®/^P^,®®®®‘^ ’^P®" system by means of a steel plunger 
If the pressure at O be increased, the vapour phase may be caused^ to 
disappear, and we are left with the hquid-ice I system^ By contm^^ 

^n kS'thesf ‘^® te^ipe-ature we 

can keep these two phases in equilibrium, z e we can pass through a 

consecutive series of equilibrium points represented by Ae curve OC 
^ continuous one having the shape indicated until we 
ture^-^2 ‘if kilos per square centimeter and the tempera- 

thrnoint (?’ P®'®‘ there is a sharp discontinuity indicated by 

the point C The system will now be “seen” to consist of three 

coe»sfme"qlbnum‘° P°mt 0 (Fig 36) where ice I -Uqu.d-vapour 
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liquid This curve has been traced without showing any break up to 
order of 20,000 kilos per square centimeter, the limit 
of Bndgman s pressure apparatus, and temperature about + 80° C , 
without any new phase making its appearance These results show that 
It is actually possible to have H2O in the solid form in equilibrium with 
liquid at a temperature as high as + 80° C The solid here is, however, 
not ordinary ice but a new modification ice VI 

Now let us return to the triple point C Let us increase the 

pressure, only to an extremely slight extent, and let us lower the tem- 
perature to a suitable extent (instead of raising it) The liquid phase 
will now disappear and the system will consist of ice I and ice III , the 
equilibrium between these two states being followed by lowering the 
temperature and suitably adjusting the pressure In this way we pass 
along a continuous curve CF which shows a break (/ <? a sudden change 
which point a new solid form is produced, namely, 
ice II F is the triple point, ice III , ice II , ice I (pressure = 2170 
kilos per square centimeter, temperature - 34 7'^ C ) By still further 
lowenng the temperature, ice III can be caused to disappear, the re- 
maining phases, ice II and ice I , being kept in equilibrium by slightly 
the pressure, 2 ^ we pass along the line FR Note that the 
ime FR is the meta-stable equilibrium line between ice I and ice III 
that IS, we have passed the point F at which ice II should appear, but 
owing to the slowness of reaction in solid phases, especially at low 
temperatures, we have super-coolmg of the ice III phase The pro- 
ongation of lines through the other triple points represent the same 
phenomena also taking place This phenomena of “suspended trans- 
tormation is of quite frequent occurrence, and, as one might expect, 
It greatly increases the difficulty of accurately determining the true 
transition pomt (in the present case a triple point) In the case of two 
solid phases, the transition point can be over-stepped in both directions 
in the case of the transition point of a solid and liquid together 
the liquid can be super-cooled easily, but no case yet has been 
recorded in which the sohd has been heated above the triple point 
without passing into the liquid state Suspended transformation is 
theremre limited to one direction This is the only distinction between 
a sohd solid transition point and a solid — liquid melting point Again, 

1 we imagine ourselves at the point F and raise the pressure, we can 
muse ice I to disappear and ice II and ice III to remain in equih- 
bnum by ratstn^: the temperature In this way we pass from F to S, 
at which point ice V makes its appearance (pressure 3510 kilos per 
square centimeter, temperature - 24 3° C ), and on raising the tempera- 
ture we can cause ice II to disappear, and by smtably increasing the 
^essure to a very slight extent we can pass along SD to the triple point 
D already described The following table summarises the T P data 
^eady given for all the tuple points of the H „0 system which have 
been expenmentally realised — 
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Phases 

Position on 
Diagram 

Temperature 

Pressure 

Ice I — liquid — ^vapour 

0 

+ 0 0076° C 

4 579 mm Hg 

„ „ ice III 

Ice III — liquid — ice V 

c 

-22“C 

2115 kilob/cm ^ 

D 

- 17° c 

3530 »» 

Ice V — liquid — ice VI 

E 

+ 0 16“ C 

! 6380 „ 

Ice I — ice II — ice III 

F 

- 34 7°C 

3170 „ 

Ice II —ice III —ice V 

S 

- 24 3° C 

3510 


It will be observed that the field of existence of ice II is bounded 
by ice I , ice III , and ice V It is inapossible to get ice II in contact 
equilibrium with liquid under any temperature or pressure values what- 
soever Ice II does not melt, z <? ice II cannot be brought into equili- 
brium with the liquid form Starting with some ice II , on raising the 
temperature we transform it into ice III , unless indeed the temperature 
has been raised too quickly and we obtain super-heated ice II , which 
might conceivably “ melt The system, however, would not be an equili- 
brium one It IS thus impossible to predict (apart from experiment) as 
to how many triple points a given number of phases may give rise We 
must find out by experiment something about the slopes of the transi- 
tion lines between pairs of phases m the case of one- component systems 
such as HgO, before we are able to state the probable sets of triple 
points If we are able to measure the specific volumes of two phases 
separately we can foretell by applying the Le Chatelier-Braun principle 
what will be the direction of the slope of the equilibrium curve on 
increasing the pressure, for under these conditions, according to this 
principle, the system will tend to transform itself into that occupying 
the least volume To prevent, therefore, the total disappearance of one 
of the phases we have to alter some other condition of the system, t e 
the temperature It will be observed that in the case of the forms ice 
III , ice V , and ice VI , increase of pressure raises the freezing point, 
i e the behaviour is the reverse of ice I From the Le Chatelier-Braun 
principle we see that this is due to the fact that the density of these 
other forms of ice is greater than that of the liquid in equilibrium 
The phenomenon of “ regelation ” can occur therefore only with ice I 
Of course in following out the diagram, as has been done in the 
preceding pages, we are obviously carrying out a purely imaginary pro- 
cess The actual slopes of the lines, and the discontinuities indicating 
the points at which new phases appear, are determmed by observing 
the change in some physical property of the system (such as the volume) 
under varying conditions of temperature and pressure Bridgman, 
following Tamman’s method, determmed what was virtually the com- 
pressibility of the H2O system under various conditions, the system 
being enclosed in a thick-walled steel piezometei In other cases other 
properties may be employed These will be mentioned in connection 
with the particular system followed The more important may be 
summansed here — 

18^ 
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I Measurement of change in volume by means of a dilatometer or 
piezometer 

II Measurement of vapour pressure (Bremer-Frowein tensimetcr) 

III Measurement of solubility 

IV Therrao-analytical method 

V Optical method 

VI Electncal methods (measurements of conductivity and electro- 
motive force) 

VII Measurement of viscosity (Dunstan and Langton, Trans 
Ckem Soc , IQl, 418, 1912) 

An account of most of these methods is given in the appendix to 
Findlay’s Phase Rule 


One- Component Systems { continued ) — Component Sulphur (S)rt 

It is a fact familiar to every chemist that sulphur can exist in two 
crystalline modifications, rhombic and monoclimc, as well as in the 
liquid and gaseous forms The conditions of equilibrium of the various 



Fig 38 


phases of this one- component system, can be represented by the usual 
P T. diagram given in the figure (Fig 38) In this case, as in the last, 
the equilibnum lines and points have been determined by measure- 
ments of the change of volume, with changes in tempeiature and 
pressure 
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Expeument has shown ^ that if we start with solid rhombic sulphur, 
on heating it rapidly it melts at a temperature 1 14'* C (point H) If, 
however, we keep rhombic sulphur heated at any temperature between 
96° C and 114° C it will be found to have become transformed into 
monoclimc sulphur, which will now melt at 120° C This rathei 
anomalous behaviour is easily explained when we study the system 
systematically, from the standpoint of the Phase Rule Thus Reicher 
'sho'wed that at a tempeiature 95 5° C , and under a certain pressure, 
namely, the pressure of the saturated sulphur vapour, the rhombic form 
passes into the monoclimc This is represented by the point A This 
is a triple point corresponding to the stable coexistence of the three 
phases, solid rhombic — solid monoclimc — vapour According to the 
Phase Rule, since the system only consists of one component we cannot 
get more than three phases to remain together in equilibrium If at 
the point A we compress the system until the vapour phase entirely 
disappears, it will be found that on further increasing the pressure it is 
necessary to raise the temperature in order to keep both rhombic and 
monoclimc present together We thus pass along the line AB When 
the temperature has reached the value 151° C, and the pressure 
1288 atmospheres, liquid sulphur may be brought into contact with the 
two solid phases and the system is m equilibrium This is the triple 
point B, at which monoclimc, rhombic, and liquid can coexist This 
IS taken as the true melting point of rhombic sulphur If we still 
further increase the pressure, the monoclimc form will entirely disappear, 
and we can keep rhombic and liquid present together by suitably rais- 
ing the temperature In this way we pass along the line BE Of 
course each point on this line is a meltmg pomt of rhombic under the 
given pressure The point B corresponds to the lowest temperature 
and pressure at which rhombic will remain stable m the presence of 
liquid Again returning to the point A, if we raised the temperature 
very slowly without altering the pressure, it will be found that rhombic 
disappears, and we are left with monoclimc in the presence of vapour 
The point A is therefore the “transition point'’ of rhombic into mono- 
clinic To keep the monoclimc and vapour permanently present to- 
gether, as we raise the temperature the pressure must likewise be raised 
The system does this automatically by the mcrease in its vapour pressure 
We thus pass along AC At the pomt C the monoclmic melts At C 
therefore we have another triple point, monoclimc — liquid — ^vapour. 
This is the temperature 120° C, the true melting pomt of monoclmic 
sulphur On further raising the temperature the monoclimc disappears 
and we pass along CF, which is the “vapour pressure curve ” or equi- 
librium curve of liquid sulphur in contact with vapour If at the point 
C we had compressed the system so as to make the vapour phase dis- 
appear, and then had further increased the pressure, it would be found 
necessary to raise the temperature m order to keep monoclimc and 
liquid present together By successively increasing the pressure and 
temperature we can pass along the line CB, which represents the 

^ More accurate data are considered later 
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melting point of monoclinic under various pressures At B we can add 
some rhombic, and the three phases will be found to be in equilibrium 
as already mentioned We have so fer dealt with three stable triple 
p^t^ VIZ A, and C, and with five stable equilibrium lines AB, BE, 
AC, CB CB There is yet another stable equilibrium line, namely 
AD If we start again at A with the three phases, vapour, monoclinic 
and rhombic, and lower the temperature, it will be found that the 
monoclinic is tr^sformed completely into rhombic, and the rhombic 
and vapour can be kept in equilibrium at a series of lower temperatures 
by suitably lowenng the pressure {t e an automatic effect of the system 
Itself by ^e lowering of its own vapour pressure) In this way we pass 
along AD Besides these transformations of stable forms, it is also 
possible to observe unstable equilibrium pomts Thus the point H 
(which can be reached by rapidly heating rhombic sulphur until it melts) 
IS the unstable triple point corresponding to the three phases, rhombic, 
liquid and vapour The point H is obtained by producing the stabk 
rhombic— vapour line AD, the stable liquid— vapour line CF, and the 
stable rhombic— liquid line BE In heating rhombic quickly in pre- 
sence of Its vapour we start along DA, and instead of rhombic chanL g 
into the stable monoclinic variety at A, the system rhombic— vapour 
^n be carried along the line AH to H, at which point liquid makes 
Its appearance Similarly, if we had started somewhere on the Ime BE 
wito rhombic and liquid in equilibrium, and lowered the temperature 
and the pressure correspondingly we would reach B, at which point 
monoclinic should appear If the temperature and pressure changes 
are rapid, however, we can carry the system rhombic— liquid down to 
much lower temperatures and pressures, namely, along BH to H In 
a similar manner, we can super-cool the liquid at C so that the liquid 
vapour system, which has been passing along FC can be made to pass 
as mr as M That H represents an unstable state is shown by the fact 
r u u ^ reach H, by any of the routes mentioned, and keep the system 
(rhombic— hqmd— vapour) m contact for a sufficient time, the system 
will completely transform itself mto monoclinic and vapour, the path 
followed being a vertical line down until the AC curve is reached at the 
temperature of H, and the vapour pressure corresponding to this tem- 
perature As regards the stability of monoclinic sulphur, it will be seen 
from the figure that it is limited on all sides That is, it can only exist 
as a stable phase withm certain fixed temperature and pressure limits 

The line GA represents the unstable equilibrium curve of monoclinic 

vapour syrtem The system ought, on being cooled at A, to change 
mto rhombic and foUow the hne AD That AG is unstable is sholn 
by the feet that on keepmg monoclinic m contact with vapour at a 
temp^ture conesponding to some point on AG the system will entirely 
h^form Itself into rhombic ^d vapour Its path will be represented 
by a verheffi Ime downwards (at constant temperature) until the vapour 
pressure takes on the value corresponding to that of the curve AD at 
the ^me temperature In the cases of the majontj’ of substances it 
will be observed that melting of the sohd eventually occurred on raismg 
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the temperature sufficiently, and this liquid could be entirely vaporised 
on further raising the temperature It may happen, however, that the 
complete transition from solid to gas {t e sublimation) on raising the 
temperature, takes place without the appearance of the liquid phase 
If the vapour pressure of a substance is greater than the atmospheric 
pressure at any temperature below the point of fusion, then the sub- 
stance will sublime without melting when heated m an open vessel, and 
fusion will only be possible at a pressure higher than atmosphenc 
Red phosphorus and arsenic are instances of this behaviour 

The component sulphur is thus capable of giving rise to the follow- 
ing systems — 


Stable 

Unstable 


Invariant systems Triple points 

A corresponding to rhombic — monochnic — ^vapour. 
B ,, rhombic — monochnic — liqmd 

C „ monochnic — liquid — vapour 

H „ rhombic — liquid — vapour. 


Unwariant systems Curves 


Stable 


Unstable 


AD corresponding to rhombic — vapour 


AB 

, j 

rhombic — monochma 

AC 

j) 

monochnic — vapour 

CF 

if 

liquid — vapour 

CB 

)) 

mon oclinic — hquid 

BE 

i> 

rhombic — liquid 

AG 

if 

monochnic — vapour. 

AH 

a 

rhombic — vapour. 

HC 

fj 

liquid — vapour 

BH 

if 

rhombic — liquid 


Bivariant systems Areas 

^ Space to the left of DABE — rhombic. 

<?ta.ble J ” ” nght of FCBE— liquid 

btable i Space below DACF — vapour 

^ Area ABC — monochnic 

It will be observed that the Phase Rule predicts that four phases, 
such as rhombic, monochnic, liquid, vapour, cannot possibly coexist m 
equilibrium since there is only one component, and tins would makey 
negative As regards the slope of the lines such as AB, AC, BC, the 
principle of Le Chatelier-Braun will allow us to predict the general 
trend if we know beforehand the densities or specific volumes of the 
phases Thus the curve AB (monoclmic— rhombic) slopes to the nght 
on increasing the pressure If we start with any point on AB and in- 
crease the pressure, keeping the temperature constant, it will be found 
that the monochnic will change into rhombic, i e we will pass along a 
vertical line, which takes us right into the field of rhombic This must 
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mean that the specific volume of rhombic is less than that of monochnic 
A similar relation holds for the transfoimation of monochnic into liquid 
(BC), the slope of the curve showing that the monochnic has the smaller 
specific volume than the liquid, z e the reverse of the case ordinary ice 
I and water ^ 


One-Component Systems (continued) — The Component Tin 

Tin IS known to exist in two solid forms, ‘‘white ” and “grey,” as 
well as in the liquid and vapour We thus have a case analogous to 
that of sulphur The interesting point is the determination of the 
transition point, white to grey (z e the triple point, white — ^grey — 
vapour), which can be effected m this case by an electrical method 
If we set up a cell containing an aqueous solution of tin salt, one 
electrode being white tin, the other grey tin, in general an e m f will 
be given by the cell This is due to the fact that the electrodes are 
not electromotively identical, t e they do not possess the same solution 
pressures The two electrodes not being identical, there is a tendency 
for a chemical reaction of some sort to occur, in this case the trans- 
formation of white tin into grey tin, or vice versa The fact that sub- 
stances are not in equilibrium with one another is always manifested 
by the existence of an e m f , if the nature of the system allows a cell 
to be set up This is dealt with at greater length m the chapter on 
“Affinity” If, however, white and grey tin were m equilibrium, no 
e m f would be produced At the transition point this equilibrium is 
obtained, and hence the transition point will be that temperature at 
which the cell gives no e m f By placing the cell in a bath, the tem- 
perature of which can be altered, the transition point can then be 
accurately determined Cohen and van Eyk found it to be + 20° C 
Below this temperature grey tin is stable The investigation of the 
transformations of tin, and the causes of the phenomenon known as 
tin pest, has Been made in particular by Cohen and his collaborators 
(cf Zeitsch physik Chem , 30 , 601, 1899, and several papers in recent 
years) 

Besides the transition of grey tin into white tin, the component tin 
shows another transition at a very much higher temperature Ordinary 
white tin IS tetragonal, but at a temperature of about 203° C , A Sraits 
and H 1 de Leeuw (Proc k Akad Wetensch ^ Amsterdam, 1912, 15 , 
676) have shown that there is a transformation into a brittle form, 
ctystalhsing in the rhombic system It is difficult to bring this change 
about, but It can be catalysed by the addition of small quantities of 
mercury This, however, has the serious disadvantage of depressing 
the transition temperature This transition was observed by dilato- 
metric measurements, not by electromotive force 

1 The system sulphur is studied further on, p 298 seq. 
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There would only be equilibrium if the temperature were lower Some 
of the ice therefore melts, and to do this the latent heat of fusion has 
to be supplied by the system itself, which thereby cools Further salt 
now dissolves and the same process is repeated, with the result that the 
temperature falls still further The temperature can never fall, however, 
below the cryohydnc point, since at this temperature the solution being 
saturated the salt has no fmther tendency to dissolve ] The close 
analogy between “ freezing point ’’ curves and “solubility curves” will 
be deal from the figure In the case which we have considered we 
started with a solution, the composition of which (in respect of salt) lay 
to the left of C, and at room temperature, say If, on the other hand, 

^ B we had started with a con- 

^ centrated solution of salt 

g (to the right of C), and at 

r. 1 ^ room temperature, and had 

cooled this down, at a cer- 
§ temperature solid salt, 

§ either anhydrous or in the 

^ dihy drat e form, would have 

g* precipitated itself This 

^ N. can be equally regarded 

“20 as the freezing point of 

• '' the solution, or the solu- 

bility point (temperature), 

-30 1 though It is more usual to 

— ► Concerrtrauoruof Salt regard it as the latter In 

iTL soUatvoTv solution 

would not become entirely 


ConcerztrcutiOTVof Salt 
iTL sohutvoro 
Fig. 39 


solid at the temperature at which salt first appeared, but as the tem- 
perature was lowered more and more salt would be precipitated until the 
temperature C was again reached, and ice as well as salt is simultane- 
ously precipitated Actual analysis of the solid phase which separates 
out from concentrated solutions of salt has shown that above the tem- 


perature + o 15° C the solid IS anhydrous NaCl, below this temperature 
the solid IS the compound NaCl 2H2O The temperature o 15° C is 
therefore the transition point of the dihydrate into the anhydrous form 
Above this temperature we say that the anhydrous salt is the stable 
form, below this temperature the dihydrate is stable It will be ob- 
served that the relative slope of the two curves, CD and DB, is m 
agreement with the generalisation which we have reached on thermo- 
dynamical grounds, viz that at a given temperature the unstable form 
has a greater solubility than the stable form Thus, suppose the line 
CD produced upwards into the region where the dihydrate is unstable 
It will be seen, on selecting any temperature and drawing vertical lines 
downward from each curve to the concentration axis, that at one and 
the same temperature the solubility of the dihydrate (if it could be got 
into this position at all) is greater than that of the anhydrous salt 
Similarly at temperatures below D, the anhydrous salt (which is now 
unstable) has a greater solubility than the dihydrate 
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In the above case the two constituents are precipitated separately 
(at the cryohydric point together, but heterogeneously) In some cases 
both constituents are precipitated simultaneously (at all ‘‘freezing 
points”), and the solid is a homogeneous solid solution The forma- 
tion of solid solutions, in which the components are mutually miscible 
m all proportions, can give rise to three types of curves, the first two of 
which are important In the first type the freezing or melting points 
of the mixture he between the freezing points of the two pure con- 
stituents This is illustrated m the accompanying diagram (Fig 40), 
which shows the behaviour of mixtures of chloro-cmnamic-aldehyde 
and bromo-cinnamic-aldehyde, or by alloys of gold and platinum The 
freezing point of the pure chloro-compound is 31 22° C, that of the 



bro mo- compound is 69 56° C Suppose a little chloro-compound is 
added to the pure bromo-compound The freezing point is lowered 
In those cases in which the “solute” crystallises out with the solvent, 
the lowering of freezing point - AT is given by the expression — 


- AT = 


RT2('ri - ^ 2 ) 
L ’ 


where is the concentration of solute m the liquid phase, and the 
concentration in the solid In order that a lowering of freezing point 
may take place it is necessary that > ^2, te that the concentration 
of the chloro-compound shall be greater in the liquid solution than it 
IS in the solid To represent the behaviour of the system consistmg 
of liquid and solid solutions, it is thus necessary to have two curves, 
which in certain cases may^ indeed^ he very close together but can never be 
identical ^ One curve gives the composition of the liquid solution, and 

^ Except in the special case in which the melting points of both constituents 
?ire identical, and then the line is horizontal on a 'lx diagram similar to that given. 
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IS known as the liquidus curve , the other gives the composition of the 
corresponding solid solutions, and is known as the solidus curve In 
the above case the upper curve gives the composition of the liquid 
solution, the lower that of the solid solution The impossibility of both 
curves being identical, except at the limits, is evident from a considera- 
tion of the above formula, for identity of the two curves would mean 
identity m composition of the two phases, and this would mean that 
== X2 and therefore — AT = o That is, the addition of the second 
component would have no effect on the freezing point, which is 
evidently quite unthinkable since the pure substances have quite 
different melting points, and we must be able to pass from one extreme 
to the other The problem of the relative position of the solidus and 
liquidus curves is solved by means of the thermodynamical equation 
given Stated in general terms the conclusion is as follows — 

‘‘ At any given temperature the concentration of that component^ by the 
addition of which the freezing point is depi essed^ is greater in the liquid 
than in the solid phase , or conversely, the concentration of that component 
by the addition of which the freezing point is raised is greater in the solid 
than in the liquid phase The comparison of the concentration of the 
two phases must, of course, be made at the same temperature This is 
represented, for different temperatures, at different parts of the curve, 
by the lines Is, l's\ and etc 

It will be evident that m a case such as that just considered the 
freezing point of the solution at any composition (except the two extreme 
points) will not he sharp, i e the system as a whole cannot be solidified 
at one temperature, there being instead a progressive change of freezing 
point ^ This is due to the fact that at no point is the composition of 
solid and liquid identical, except, of course, in the case of each pure 
substance, at the ends of the curve Referring to the preceding diagram, 
suppose that the system undei examination is a liquid solution of the 
two components at the composition and temperature denoted by the 
point X Suppose the temperature is lowered, the system begins to 
pass along the vertical line xx On reaching the point t, some solid is 
deposited, the solid having the composition / On lowering the tem- 
perature further, solid comes out of solution, the composition of the 
solid phase passing along dd', the composition of the liquid being 
simultaneously represented by a series of points on the line IT If the 
temperature be still further lowered, the system as a whole may go 
solid There is thus a greater or smaller temperature interval, I'd' the 
crystallisation interval,’’ which must be passed through between the first 
appearance of solid and the final complete solidification It should be 
noted that in order to have the solid phase homogeneous as regards 
concentration of the components it is necessary to allow the opeiation of 
cooling to go on very slowly, for as the composition of the freshly de- 

1 Ordinary solutions, such as salt and water, exhibit the same phenomenon (for 
the same reason) The “freezing point” of such a solution is therefoie the tem- 
perature at which a very small quantity of some constituent begins to come out in 
the solid form 
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exactly given by the formula CgHgOH, CioH^NH2 By adding amine 
we finally reach another point E, at which the system can be solidified 
entirely without change of temperature Starting with pure amme and 
adding phenol, we can obtain a series of freezing points along BE E 
IS the second eutectic, the prolongation of the lines AC and BE, below 
C and E respectively, denote meta-stable conditions of the system, which 
m this case can be reached owing to the slow rate of transformation 
from one form to another Now we know that the addition of any 
foreign substance will lower the freezing point of a pure substance 
This IS what has happened at D In fact, if we assume the existence 
of a compound consisting of phenol and a-naphthylamme in equi- 
molecular proportions, the shape of the curve ACDEB is what we would 
expect D is the melting point of the compound, and it can be lowered 
either by the addition of phenol or of a-naphthylamine In this way 
we can account for the fall on both sides to C and E respectively 



The solids present at the eutectic at C are phenol and C^HgOH, 
C10H7NH2 The solids present at the eutectic at E are the same com- 
pound and the amine The concavity of the curve CDE with regard 
to the concentration axis, the curve ending in two eutectics, is very 
characteristic of the presence of a compound The same behaviour is 
shown by several alloys, e g magnesium and tin, the compound, Mg2Sn 
being produced, Desch’s Metallography (The solution or liquid in 
contact with the pure solid at D may be regarded simply as the molten 
solid Itself ) This is a good illustration of how purely physical methods 
can be employed to detect chemical combination As we observe, 
there is a good theoretical reason for considering that a concave curve 
of the above typo may be taken as evidence of the formation of a com- 
pound between the components A convex curve showing a minimum 
melting-point, on the other hand (as m the system Hgig, HgBr2), does 
not mean the formation of a compound, though it does indicate the 
formation of a homogeneous eutectic If the minimum point had really 
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been a point of intersection of two separate lines (a freezing-point line 
and a solubility line, as in the H2O — NaCl case) we should be justified 
in considering the system at this point as a heterogeneous eutectic 

Liquid Mixtures 

So far some instances have been given of the behaviour of diflfeient 
sorts of two-component systems as manifested by the phenomena of 
freezing point and solubility One or two instances of the behaviour 
exhibited by two-component systems in the change from the liquid to 
the vapour state may be briefly indicated The most interesting prob- 
lem is that of the distillation of mixtures When the two components 
are quite immiscible the total vapour pressure = the sum of the pres- 
sures of the two substances (measured separately) In the process of 
distillation they are quite without influence on each other When two 
liquids are partially miscible a distillate of definite composition at a 
constant temperature is obtained as long as the two layers are present 
in the distillation flask When one layer only remains in the flask, and 
distillation is continued, the distillation proceeds as in the case to be 
considered next, namely, that of two liquids completely miscible in all 
proportions 

The behaviour of systems of this type vanes according to the 
chemical nature of the components The presence of each constituent 
lowers muxually the vapour pressure of each {t e the usual effect of the 
presence of a “solute” upon a “solvent”), and the boiling point may 
be higher or lower than the boiling point of either component, depend- 
ing on the value of the sum of the vapour pressures, for under ordinary 
conditions boiling sets in when the sum of the vapour pressures 
= I atmosphere In general the composition of the vapour, and 
therefore of the distillate which is simply condensed vapour, differs 
from that of the original mixture In a simple case such as that of 
methyl alcohol and water, the water being in considerable excess, the 
vapour IS much richer in the alcohol than is the liquid, and finally by 
distillation pure water is left in the retort In certain cases we meet 
with the remarkable phenomenon known as Mixtures of constant boil 
mg pointy which can be distilled at constant temperature unchanged, 
i e the composition of the vapour or distillate remains unchanged 
Such a mixture behaves as a single pure substance, and was indeed for 
long regarded as a compound of the two components, until it was shown 
by Roscoe that by altenng the boiling temperatures (by altering the 
external pressure) a senes of constant boiling mixtures could again be 
obtamed, each of which differed, however, from one another in com- 
position A true compound, of course, could not alter in composition 
by simply altenng the pressure A constant boiling mixture is one 
which possesses either a greater vapoui pressuie than that of any other 
mixture of the two components, or possesses a smaller vapour pressure 
than that of any other mixture Thus 96 per cent ethyl alcohol 
-i- 4 per cent water possesses a lower vapour pressure, and therefore 
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a higher boiling point, than that of any other mixture of these two 
components If we start therefore with any smaller percentage of 
alcohol than this, and gradually raise the temperature distillation will 
occur m such a way that the distilling liquid loses water more quickly 
than alcohol, te the distillate is richer in water than the original 
mixture until the composition of the liquid in the distilling flask reaches 
the value 96 per cent alcohol, after which the remainder distils without 
change of temperature or composition Similarly, if we started with a 
mixture of 98 per cent alcohol, the process of distillation would have 
caused excess alcohol (along with some water) to pass over, the boiling- 
point rising until the constant boiling mixture was again reached. The 
mixture consisting of 70 per cent propyl alcohol and 30 per cent water 
happens to possess a higher vapour pressure than any other mixture of 
the two, so that if we start distilling a mixture of any other composition 
the distillate which comes over first, t e that which possesses the lowest 
boiling point, contains 70 per cent propyl alcohol This distils at a 
constant temperature until one or other of the constituents entirely 
disappears from the distilling flask In this case it is possible to effect 
a complete isolation of one liquid in a single operation, which was im- 
possible in the case of ethyl alcohol and water mixtures The system 
hydrochloric acid and water is a well-known mstance of such constant 
boiling mixtures, that contammg 20 2 per cent of acid having a 
minimum vapour pressure and boiling at no® C under atmosphenc 
pressure This behaviour is analogous to the ethyl alcohol — ^water 
system The properties of liquid mixtures are, however, so varied, and 
of so specific a nature, that there is no opportunity to do justice to this 
subject in a general text-book The reader is therefore referred to 
Sidney Young’s Stoichiometry^ m this series, and likewise to the same 
author’s book. Distillation , also Kuenen’s Verdampfung und V zrflusst- 
gung der Gemischen (in Bredig’s Handbooks of Applied Physical 
Chemistry) 


Liquid Crystals 

In dealing with transformation from one state to another, an im- 
portant case still remains to be considered although its theoretical 
significance has not yet been generally agreed upon The phenomenon 
referred to is the formation of so-called Liquid Crystals As early as 
1888 It was observed by Reinitzer that in the case of two solid sub- 
stances, cholesteryl acetate and cholesteryl benzoate, each possesses the 
property of melting sharply at definite temperatures, but the liquid 
instead of being transparent is turbid and milky This turbid liquid 
has a definite temperature range of stability, for on heating still further, 
the system becomes quite transparent at a given definite temperatme 
The same phenomenon is exhibited by a few other substances, notably 
by para-azoxyanisole and para-azoxyphenetole The phenomenon is a 
reversible one in the chemical sense, tc on coolmg the transparent 
liquid it assumes the turbid state at a given temperature and this in 
VOL II 19 
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ttim \olidifif% It* till’ .iImi at a m%i ii iriti|^'i4tiiir I1ir tiirlml 

lyiitwii w lti|Uiil III tilt ♦* Ilia* that it fhm ^ lifei #i lnjiiiil awl cati hr itiadc 
to iisMinif? th** ^|ili«iuil form whnt fiLwrcl iii 4 iiijtiitl *if tfr 
diWity It itl.il « ihi |iifi|ntv «d ihiiilih irfiiUlKni %liiiti » 
chiir# 4 t‘lfmlif of 1 litaut 1 rraain fitiiti tflmuiiii (wtiti ti4*i ’^{rriiilly 
dwitfcl hiitiHi It to 41 oik III thii I tiiiiod flio riiiiiir ** litjiiid ** f ry^odt, 

Difiniswon iiiilHtl itiuod tho iitohloiii h tin iiirltiil *4410 lirtmi- 
gcwoufi or luniitf,* 1 #. in it oiir 01 tmm tlimo iiiir? Iti 

appinitaiic ii iii vory nimilai to that tit mi ntiitl and tliin miggosts 
holorogtwnly. C)ri tlio othoi hand it han 014 hnoi iio^^ndilr to idlrrt t 
of oiit^ plutw fttmi iho tilhit, 4i«I hiiifnf, itir r^miriirr of 
a i»hiir|i ntilitlifymii |Kniit anti 4 h!i 4I|) t loafing imiiiii i*rr ovnlriwr for 
homc^oniity. A dofinito < tnit himori ban not in lirrii tmtlird. 


TiiR 'I‘wo SvMfcM 8«»oio»a stai^iiui WaiiE. 

Al ordinary irtiijwriimroH iho miIhI whtt^i oryntallinr’^ frciiii 4 natwtlfd 
aquecHH wiliition of Hwlnifti *nil|ihatt' in thn di^kadiyilrati* Na ,Kl , ioII|Ck 
At a tnii|aT4tiiir of 50** Cl ihr hoIkI wliirli nrjiaiatf n iiiit h titr 4iiili|droii« 
Halt NiijHOi. it IH lioar that thrrr iniiTit^ hr a iftsnuiim it 

whitdi Imtli deka hydratr and iirihydriitiH nail may rryiitalli«a«» cnit to* 
grthrr, miht holfi an* in rqiiilthrititit al Ifir tfairointti |ioint Sohihtlity 
n:i«wirrm«*ntn laivr iiidiialrd ihiH imiiii wry ilraily. Thr rr%iilt^ till* 
taiiiod aro ahown in tho diagram (hg 4 1), Frotii o'* (I ii|i to tfir trni- 
, |wraliirr 4* T itir dfka* 

r h>di«itr m ttir italilr laiiti, 

itH Hiihihiliiy t^ing indiratcd 
by thr am'^riiding Itnr. Frew 
j3*4** C^ onwardn tlio atihyd* 
roiiH Hilt rry^lAlIiiiWi «icl ihli 
«lt thr {itirtioffirtiw 

of i#. the 

U * ^^ * . **-» „ wliibitiiy dii«triiiltr% la tht 

o .cr air 00 ' hhii; lrm|waliirr Thr print 

hi N tlir t«ii«tioii 

piini Tliii ii i g«id lit* 
ittner of how iolntiility ntraiiurrpirnta rati Im titilitril to indiratr %tteh 
regbith of italrilily. In addition to tlir aithydfotii »lt and tit© dtfci* 
hydftrtr, another iolid ean, hnwrwr* In* |irr|iafr(l iimter eoiail* 
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th<* t»« •' *'• '• '*'*'‘1 ptw'*’ wiMiatuig t*Ml bntjg the 

inlivilrttii* a!t Tin > >'< by thr ck>tU*fl liw whirh n»n- 

Untii'' (•iti <»»t w»l!n*»l .» bft.ilt ill!' (K»i»t l> i iirrwjKmds t«t tem- 
jK*r.iturc 4 4 '4 < , I* iH «, Him., 4i«l it tlw irannitHm temjn'rature of 
ihi* !u't>U'li\tb.Hi into ibr ai»hv«lfirt»"i ’miU At l> two wlid phast*** (the 
anhy<ti*H»* ttdt .oid 'i* jiu h4«li.4i» ) .ti»* m «‘ijuilibriuni with satumtecl 
solmitiii .mi! \itjtom. tiirn- 4M- tmn |ih.itw*h, ,itid the systom it a 

two n«ini*»ii' lit “O'*. ••“**! luvf / tlu* tystem it invarittiit, 

iuui imi'.t It' i« }tif fiiii-tl liy .» on ibr tlmgr.tm. On altering one 
()1 the ^<v. teiiijK t-itute, one ol the plutet must ditappear. 

I'iie jth.e«‘ whi«!» *b apjieatt the h« j»u-livdi.ite, aiul wo find the 
«(yt(tfin travelling dong the line Oh ’fhe tninsituin imint O and the 
lini«» leading to it are ihitled, iiHlieating ineta-ttahility. Thit is clear, 
for the tolubiliiv <»l the liejitadivtlrale it gieater tlian the deka-hydrato 
at any leiiiiwtatme, anil hem e the hepu hydrate mutt lie unstable with 
to the deki hyilrate. SiKiium tulphate formt therefore only 
one \ta(>k hydrate The anhydrtiut salt it for tho tame teuton unstable 
with nt|Mt 1 to the dek i-hydrate at all iminit from I) to E. At tom- 
jtewturet higher ifian h, however, the toliihtlity of the iloka-hydratc 
would l«* greatrt than ilut of tlir anhydrous salt, <>. from E onwards 
the anhydrous s.iU it the stable jihaw. It is imjmrtanl to notice that 
although wr tpeak of the tettitM'raltire ^*'4* (point K) as the transi- 
tion |HHiit from dekadiydrate to anhydrous salt, this limitation to the 
stability has referem e to the «>hd form, not to the solutions. At all 
tenijM-ratme, ( ay fiom o' to so") the at|aeous solution eontains in all 
piolfcdiility misiur«ii of anhydrous molecules and diika-hydrate mole- 
cule h there Iriiig an i*nuilil>rium lietween them as indicated by the 
e»Hmtton-"- 

NHi-SO* I- loIipsiNajHCU. loHjO. 

'fhis IS a hotm^encoua equilibrium governed by the mass-action 
principle, 'fhe equilibrium varies with the temperature, but there is 
no rea'ton for Iwllrving that in the seltttion below 3 ®' 4 *> dekahydrate 
inoloculi**! alttfi* fxhft and above 3*"+* anhydrous molecules alone ei™t. 
Ifoth eoesisi over the ti'mpmtute range. What must happen is, that 
as the temwmture rises {say, wo start below 3* ■4*) the homogeneous 
ttquiiihnmn shifts over to the left so, that just at 38*4 the solution is 
saturated with respect to anhydrous salt as well as with respect to deka* 
hydrate. On raiding the temperature by an inflniu^itml amount the 
equation likewise sliifw more towards the left, the anhydrous salt b^ng 
now sufier-saturatnl. Anhydrous salt crystallises (assuming retardation 
is prevented) and at the same time, by the principle of ma^ action, the 
equilibrium rends to maintain it^lf, that is some more anhydrous salt 
molecules are farmed In the solution at the expense of ™ dekahydrate 
molecules, these being in turn supplied by the solid dekahydrate. Ine 
solid dekahydrate thendore liegins to dissolve, *.c. disapf^r, just above 
K. 'I’he solution is, however, again sujKtr-saturatcd with respect to 
•Jilt. MMfl itwlfi th© abov© piroc©8S 
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lH‘mg until rt// tin *!< lu* rli .iftf# *iih 1 *tiicl wt» 

ate Ifft with t!itMin4iuitit N)4rin inhytlnar *'4lt Miiimn iI miIii 

lion -vitfEmi 11ir di4iivu> i4 \U( immU K 4iiii Ih.iiKi tlir ululiility 

liriei h*itcliiig in aiwl trfiiii itimi t ^haiH In nn iiu^ii niii iiifniiiwliwi 
rtnpeclmg tin* bilmvimii nf llii» Uim ni i 4tiii flir tnii- 

pmtiirrHtmmituititiij aiid ftn *4if*f i* liSfM dLigniiir* Imir* 

rnrtiitlv < ’itfiiilrtl bv A.Hitiil* mhI f I* Uinit (/*w A%n^ Arr 
12* J 44 , t1r Muiiplrir tirtiiiviiiiii mI ilir 
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«ysti^rtt m fur it cmti br %hown 011 a Iriiip i4tiirr*rwimiiritlic'iti itw- 
gmiii, m illwtrat€cl by tin* lu miii{wiiyiiig fiMiirf* (tng, 45), in wliirlt 
temimratnre ii denoti*it liy lha nrtlniAim and <*ciiit|Mr4iiiifi (|it*r «Tiit 
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and add Ht>dium sulphate*, we can trare out the line Alt, wlnrli giv»*s 
the tempemtun-s at which ice is in «Hiwililinum with (tlilulr) Holutioni 
of the salt At B there is a cutertic twtni, the solids in e*i«itibriuni 
being ice and Na^SO*. ioII|0. If the system Is* s«}M*f.co«W, no 
ikkahydrate Ijeing tallowed tofomiat H, we can reach Itw jiomt t^at 
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whu h thfif (•* .titollwr i »a*'» ii« {.i mPU-Ht.J>to ow). thf solids m nu-tii- 
sttthlr rqmlihnuni Imun uo .ind N.i,S(>, . 711 , 0 . Roturnnif? tc* tin* 
iKH»t B .»»«! ui-iiig Bt.- !«nirwtiiti< shKhtly, the ice will tlmppi-ar, and 
the Kihd plw c will «t*nsisf of dek,th>dratc. By mcasiiiBmetits of the 
solubthts «( the d«k,thsdiAtc .a various tcmt»*tatutcs we pass along the 
line Bl‘< ( rh»' saim ptiaciluic at ('would have taken us along (^I)i 
the solid bi uig «hr In pt dndt.ite ) At K, a new solid makes its ap- 
tH'awwc, eiV,. aiilodious ihnmbu Na^SO*. K «s theiefore another 
eutettu {(M <’ and to -8 mm Hgh the '.olids in equilibrium btnng 
NaMK. toll t» anil Na.SC), ihombu*. On raising the tenifKiiature 
the flckahviliate di*.ip[«*ar< and we follow the line KRF, which 
gives the solubility of iiionibu Na,St)4.e( a funi tion of temperature. 
Staitma from the iiieta stabh* euteetie jannt 1 > i 4 ’ 4 '' 
siiinlatly follow the line ! »KRl-. It will lie oha-ived that the solubility 
of Na.,NO( rliomhn at lost denea’a-i with rising tenqK’rature, and 
eventually into ees, tlie minimum liemg about las" C. 'rheoretieal 
rcaMuung on the signifuaiue of this retiognulc curve is given by Smits, 
Ic 12 . jr 7 i loou'iqto. When p' is reached a sharp chungu in direc- 
tion w expetieiierd hv the sohihtUly curve, this l>eing due to the apj^r- 
ameol a new solul phase whwh amilyiisshows to be NagSCb monoclmie. 
F IS therefoteaeuteitu point (434* ay'S atinospliCTes) discovered by 
Narken.' On passing this lemiwrature the monfM-linic is the stable 
form the .oluhihlvot which decreases as 
we riaih the point 1 *. the leniiimatuie of whuh is 365 O- 
critical temperature, the li.piid U-in,^ identical with the vapour. Since 
* .. ...... »k.. <.vii ,.ul 0'Hit«*rttturu of water itself, it 


i‘ axis. {For the sake of cl«irf«-s-<, the eriiieiu pomi nas . v..ur,. 
at toogieat a «onietitration, iHaaimi otheiwise one could not show that 
in I’ (the sohihihiy melting t«»i»rt) the line passes < ontuiuously into the 
latHiur hnrPll, which has ‘la-en assumed as coinciding with the axis 
for HjO ImIow jao (.*.) 

'I’lta TwO.tloMWlNKNT SVSTXM P'KRXIC (,Hl.ORinK—“W'ATKR. 

'Phis system IS of interest, as it was the first au.e of systematic' ox- 
aminalion of the hydrated Halts from the standpoint of the 1 base Rule, 
imtUrlakui by B.ikhuis Roo/elKiom. The diagram (Fig. 46). which 
the* ordinates repn-senl and the aliwnss® w 

tom of ferric chloride (reckoned as Fejfdit) {ler too mofe,s ot wau r, wui 

illustrate the behaviour of this system J^^will ^ fi/n" 

r,o«««mnds are marked' Fe,a,i 3 llfl 0 , Fc,Cl«7H!,0, Fe,U« 5 H» 0 , 
mg c onnHium s are nwraec 1 these various com- 

h f. 1 . ™ n- “"• 

'“[10, h '.I ii«- '’'“w- ■C'*- “ri"*'* 

wi,i,ri.“ ii«i« ““I"'"''*' >"* 

» NjydifWf Wuitet 1*^* 
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liehftvioiir of Ihi* ny^Unn iiiduiittH wiihoiil iliiiilit iImI %tidi *i i oiii|ifiiiii<l 
exKH tiH lirgiri by litig imitf m4iri (brr/ifi|i jnnin « C% 

point A| lower hull of diaipiirn) to whitb mv 4fi4 inffi4 4iig *|ii4ntltie^ 
anhydrous fen a chbitilr. Mf^eaiiiiig ms< ti v4%i frrtviiiii we 

imnn akmg the I»w Ali At Uie B ibe m will g«i Mitiijilrtrly 
solid, and inierniiropif atydysi^ thal tli« n in 4 liiioiogniriiiw 

eiiteciie itiixUne foimrd 4 l Bir pfiim 1 lunni^, ^ilid nr, nolid 

Fr|( 1 |i 3 Hi|(l - nohiljoii*** vapoyr, IH iln tnnpf f 4 iiirr iintl 

ttikiing moir frifit cbltiridr wr obuin tin* nohiliiliiv « iiivr iif\ wlinli 
pMsrn llooiigh 4 iiwxinmm, luul agaiii* aioilloi iiinliiir n 

formecl iil D* Friim thr nbapr <4 Itir t%mr IB |i, oin --iiiiwiiig 4 
imKiiiiiim fidliiig U> a tnilet lir on iwh nali, wr nifri ili« # %i tuMr of 4 
compound repirninircl by llte fHaitl i\ Thi* poiitl rorirs|aitiii » to l!i« 
formula Fr^Cd^ialliO, Thr noUitioit lam Ihw roiiipiwuiota iliat it* the 
ioltttbn m really the law*d soheh In tilhn wnid li wr 1 bt»t>nr 4 «olu* 
tton hawing thr rcmi|Kmili<m mcliralitl by 0 find digbtlv lower the 
tem|«raturo, it will be found that thr whole ny’ioin will nolHiily diarply 
at C, without cdwinge in tom|rratutr, Ihrrrby iittlif aiiiig tlir r^mtrirr of 
a true compound, a romthmon whith m nujuiofird by takiiiy thr » 4 iafic 
of the carve into amiidrratitm, By thr sin addiiam of *all #itid 

ratsinij or lowering the temfa^ralute wr tan Irair out lltr ft itiaindrr of 
the diagram, which shows furiht^ riiirtuis at thr faiiiiis l\ H, K, and 
also indinitrs the compounds at the ptane* K to I If a tioii/oiilal line 
tws drawn jiwt below (I, as tndiraied m the hgiif*% it will l«* »'4Tn that 
the solid doderahydriile ran exist in er|«ilibiniiii at out* and ilir 
temperature, with two iohitions of cjmir diflrtml 1 on* niii alums iiidi- 
cated rwjKTtivrly by iW| ami Thv |Km^it»iliiy of ilim. fioiii tin kitiriic 
itaiidiKiint ii that the S0ti of molrtulrs in thr two roars is 

diffenmt, or rather the relative propciitions of trilaiii mtm of moleculf^ 
are diflerrnl. As we have wn in ilrahiig with tin ra^r of %oliiiiotft of 
iodiuro sulphate w© must ecmsidrr that tmilei iih h of n// the rfiifijamrich 
are^ present, though at ^low Imina^ratures and ciinmiitaltoieH ^ty in the 
region of there will lie exct*rdingly few of ihr tiiihvilffWis Fe|t*!| 
mokcuki or of the tetrahydiate or jimtati^flfalr, imm ttf ilit* tirfi#o 
hydrate,^ and a great maiiv dodei^aliydrao* mob t iiln, In tlir rmmmim- 
tion region there will be less dwlrraltydnilr uiid m giratrt iiiitiitrr 
of lieptahyclrate inoh*niles. The eqiiilibtiiiiti brtwren all ttirsr diflrwnt 
•orti of molemtei In the homogeneous soluiifio m piesiiitiatily gowned 
by the law of ma»i action. Owing to the rfiniitiitoiis « 4 tiitigr iti thr 
molecukrnature of the iohition with fisitig coirf eiiiralioti mid teiti|a*f*t'‘ 
tart, we must not r^iird tlie aolutkin as a ititiie rotirriitfaifd 
form of iW|, for if we did we would get the thttnioflyiMfiirally ifti|*tw%iblc 
ctie of ^ono and the i«ime suliatanfe (Sfilid doflrcaliyilwitiff esWifig in 
Oquilibriufii with the mme solution at rlifreirinil roiifrntfilhui'*. 

If now we wish to isolate cii prcjmn^ it given tndriifc uf fmk 
cMonde all we have to do is to exattiim* Itir diagfaiti and laite the ion* 
centmtion of iolution and the temjwuiilitrf tl wliirti 11 |iiiic hydritic 
soldiici, ik any of the points t; li, C#, I Ai a {iracliral gukk, 
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(‘upemUv in Nmli as in chfininil nt.im!l.wturi’, thi* 

Pltasr lilllt' g 1 1*4 1 * 

The Irtri* .hlamtf w.Hrr iiwy !«■ iwil la illtistr.itf an 

iinDOTtanl namely, tht ttf JtMrahnn t>/ a tnlul kpimk. 

Each Wflul hv«!».it( Iw* .1 leiiaiti pri-iair.- «( wiiier viijK»ir wilh which it 
i» in etiMihbrnim 'I'he iijijim lull *»( llw> hgiire shuwi (lugiammiUicaliy 

tilt* vdl III*** jirfTOirrSi its st ttiiir- 

ti«n of .ampaMiioi., Ihe h.m« .aml.int. <>'«•*«»« 


hanmn* •* ''•“•'i l»e nmavrd, l»y t•atIMIln.^i ilislilUtioii ur dcwicjitwn, 
from a Indutc »i liiKhwal.i «uiitftil (uv the (ItKlernhyilmte) I he 


diMum »ha»** tint ihi iiie-mre will iiat alter « mittmuuHly us (iistulalitm 
tnwwd'i. hm will 4lt< I til • 'Hit loii'ily, renuntmig e(m'.t.int for a time, 
at a semn uf ihllet* nt nine to the tHwmttttum pmmm 

of sue.t t^tinre hytlute',. 

It m very HiijicirUiit to ntite that “tin dwot wtiiin piewire of a 
hydrate" n really the ei|iiilit«iHiu {ire-Kute mei /rw(uiU«smHUt.inom»ly. 
The vawiur totiMilv »»f wiier malitule'*, since those at the salt are 
liractirally nan valaiiU'. TA* "iitmmtum pnnuiv nf a „ 

\my Me drtdr„t/n,ii'ak) migkf h$ rtg.ir4td m idfHtml mfh the true 
vaLur pm%uK <•/ the next /mivt hntmk {the heptah^mk), a* far w 
athnily nnieesses are eaneenied, •/. (,'hap. XII. 'Ihe dodccahydratt 
exists in eqiiihhrmm with sohrl hejitahydrate and water vaixiur at the 
dmswiatinti iitrssiire c»f the dodeeahytlrate. (Naturally the producttm 
of water mateiule. Imni the salt must have ilehytlrated a small portion 
tif It at least t« the iif si lower hyilratu.) VVe have thus a two-«>mpon. 

ent system existtiiK in ihtee phase*, and as we have assumed the ti m- 
*IH lyw ,.i * • s. . ,K„ «««..„«. miiiit h(i flxi-d. namely. 


me dc^K-uiiiin oressure. ( >n < ontinuing the dtsHceatmg proeess, solid 


the dis-aiewtitin preHsnre. ( >n « ontinuing the dtsHceatmg proeesis soiu 
hentahydratc is jirtwluceil at the expose of the dodeeahydrato at 
eonsunt trmpralure and pressure, until Anally the **‘f 
hydrate dixappats. th« pressure Inimg still the laime, if 

the heiitahydiaie. Kueh a suite of things, however, is oi ly a «t»hmg 
case, lor if Ihr smallest quantity of watt^ is 

hydrate is formed, anti the jiressure falls “‘f ‘ £ 

nnrssiire *' »»f heutahydrate. I ho same change w ohserved wntn me 

Lptii-lmtly entirely disapivmrs and ''y***^*' S- 

»nd tetrahviliate, a farther change btimg observed when the ponia 

hydraTe diJjipiifs and the tetrahydiatids prtly mnvertud into amhydrow 

i 11,. V .w .hw 


mil, im min m . 

Mrahydraw, is in etpiililirium with the tetra* 

rimuUaneously. If we continue rt'raoving water vapour all the tetra 


slBrnltaneouslv If we continue removing water vapour a» 
nuxU to vanish at eonstant tom— 
and we find in the limit that the anhydrous salt can 

wlik M firmiirf «f wiiter vai^our, tmnitjlyi trie aiwociauon 

Th. ;rr; 

pressures over a soUtl and the dissoeiation preswire will b« lUarwhui 

we eome to study affinity of hyrltate. formation. nrooerlv 

*' lfi4l ia itiii caw of ^ hydrated »wt tatitiot prop y 
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use the term vapour pressure except in the sense of dissociation pressure, 
t e two solids must be present simultaneously to give a definite pressure 
at a given temperature We are only considering, of course, the vapour 
which consists of H2O molecules The principle of work has been used 
as a criterion of equilibrium in the case of changes which involve no 
volume alteration, the criterion being that ( 3 A)vt = o, \cf Chap IV ) 
It might be concluded from this that the vapour pressure over a satur- 
ated solution of a given hydrated salt is the same as that over the solid 
salt itself— the vapour in both cases consisting of HgO molecules This 
conclusion is incorrect, however, for the single salt in contact with 
vapour is unstable, the stable system consisting of two salts and the 
vapour Over a certain temperature range a solution may be kept satur- 
ated with respect to a single salt, say, MgClgbRsO, whilst the vapour 
pressure measured in the case of the solid material is really the dissocia- 
tion pressure due to two substances, MgCl26H20 and MgCLaHsO 
present simultaneously It is only at the transition point that we can 
regard the hexahydrate as ‘‘equivalent” to the tetrahydrate, and hence 
It IS only at the transthon temperature that the vapour pressure over the 
saturated solution of the hexahydrate or of the tetrahydrate is the same 
as th^ dissociation pressure over the two solid salts This point may be 
Illustrated by the following data selected from those obtained by Derby 
and Yugve Chem Soc , 3a i439. (1916)), m the case of 

the hexahydrate and dihydrate of cobalt chloride 


Temperature, 

°C 

Vapour Pressure 
over the Saturated 
Solution of 
CoCljjeH^O 

Dissociation 
Pressure of the 
Hexahydrate and 
Dihydrate, Solid 
Salts 

20 

30 

40 

50 

52 25 (transition 
temperature) 

II 8 mm 

197 » 

313 

45 9 » 

48 6 „ 

5 4 mm 

102 „ 

212 „ 

419 „ 

486 „ 


As a further illustration of the same principle we may take the data 
obtained by Derby and Yugve in the case of the hexahydrate and tetra- 
hydrate of magnesium chlonde (see opposite page) 

It will be observed that at the transition temperature the vapour 
pressures are identical In the above case we meet with the pecuhanty 
that the vapour pressure over the saturated solution actually decreases 
m the neighbourhood of the transition temperature, / e the vapour 
pressure curve becomes retroflex This is due to a large increase in 
solubility of the hexahydrate near its transition temperature, a great 
solubility necessarily depressing the vapour pressure Naturally, no such 
effect is observed in the case of the solid salts 

The study of three and more component systems would take us 
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iK-yiMid t!i«‘ •♦(•jH* »»J ihf lMM*k ‘I'hr is. thru forc icslitntl to th«: 

t,p«*rul wotk*. .tiHi |wi I !•. ..in .iilv iik nlioiu <1. 'riii'i thapiir will he 
tcitiHiulf*! wiih .1 hnei «h*4in|»»inn ot Sniil's new thiory of ulU>tri)[)y, 
whrh ih of fuiKlaiii* ni.il iui|w«! him* 
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lilt (*MI-NitMI>NON Ot At.I.OrROI'V. 

OwinK to the .iinoiinl of u".i .urh whii'li h.ts liwii devoted to this 
sulijeit fliiimr, rueiit it i.* iie« es ary to Mitvey briefly Komo of its 

more iitijKiilaiil fiutiiu • 

When cmo .md the Mitio tmiptmd ran exist in two or more forms 
(diffeiiitt? in etya.» 11 iiie form aiic! other piiysieal properties) the com- 
jsniml IS wild to exhibit isomeriim or polymorphism. In the ease of 
soim- eletneiilR, wnh .1. siilpliiii, phosphorus, seletuiim, and tellurium, a 
similar phenomenon h.e. olwtved, to which the name allotropy 
has Is-en given, ’t'liern are now three types of allotropy recogniht d. 
First, the allotiopy ni.iy he p'mwtutropk, the ilifferent varieties of an 
element j«)s-a* .sinK tiefinite tenijH*riiture ranges of stability and convert- 
ihk' tine into the oilier at a eerlain temperature and pressure called the 
trannition iwunt. An ex implo is the grey and white tin transformation 
(( ’ohen, /.#■ ) whit h h.t'i .ilre.idy Iren referretl to. Secondly, the allo- 
tropy may be Monofropk, that is, one variety is ixirfenly unstable at all 
tem|«*r.itures iiitrl pre I’tun s. 'I'lu! unstable form tends to pass continu- 
omly into the -.table. An example of this is explosive antimony, in- 
ve-.tig.itt d hv ( lohen .iiid his etilhihoraton. Thirdly, we have Jimmie 
allotropy. In flm taw the different varieties or allotropes can exist to- 
gether in aat.iin proportions, there being an eijuilibriutn between them 
(prtiHiHtribly govt rneii by tin* law of m.iss action), such equilibrium 
points being shifted by t hangts in tem{X’ratnre. The phenomenon 
of dytittinif idhiimpy is *iutle itnalogous to that of dynamic isomerism, 
except that in tU« hist the -.nhstanee is an elinnent, in the second the 
subslanee is a etimjwnnd. 

'rhe first rase of dynaniie allotropy, namely, that of liquid sulphur, 
was investigated bv Alcxandei Smitli ami his collaborators IJPoum. Afner. 



agH A SVSmM rifYStVAt VifEM/STh'Y 

Chm. So(,, igo^, suid mw^uh), wh<i ih,it -.nliAw it 

a mixtun* of a lighi mobile vanely 'toiiihle in (urhoii hii.iilphMif and 
(Icnotetl by tho symliol S*, to^« ibm witti a iliirk vim (»«', varieti, iiwoluSile 
in carbon biMilphidi' «l.-noi.*a by S^. OolHwiy li<iuid Milpbur at the 
•• natural luT/ing point," 1 14 s" (’•* ' .V* f* ' n>. 

nuunder beuiK H*. 'Hie fin /tmt point n. lutwrvrr. rhar.ii leri-nl l>y the 
phenmnnion of variability at i oidinn to the < onipmilion of tlii’ litiuid, Lt. 
Hinmliiig to the amount of S„ pirwni anil an>ofdmg to the solid plw« 
M imratmg out. The following tlata air given by hiiiith and ('aiwin 
(Mh,h. pfnuk. Chem., Tty hot. u}n) foi the '• id* aHrnrmg {xuiito" 
will'll no S,. in prrwnt and the " natural frrrriiig {M.intx '* when thr 
IS pu'srnt in the liquid in the l•.lltlhbrltlm ptoimnion. 

blral! f'. N»maH-.l». 

{•riKniatic (MoniM'Unii ) Hulphui (s,) . iiq'as' 

Rhoiiibir Sulphur (Sj) . . . u*'8* iioj’* 

(,t‘4 /« b,,) 

Narreoui Sulphur ' (Sj, .... io6'8* lo.t '4 

(.V«7,S„) 

In the light of tho-uj fartu rrgaidiiig llir loiiipli * nature of tht* 
ajqrurcntly siniplr ayelcm, we imw reirivr with raiition the nunierinil 
valmw of the iiirlting jiomta already given in tnir eatlier diM UMiion of 
this system. The earlier dwussion served to bring out the general 
principles involved, but with regard to measurrnienls umlt r hif^h pn?*. 
sura esjie'ially, tho earlier data cannot lie aetcpled as quantitatively 
correct. .Smith has found that the transformation into amoiphmis sul- 
phur is accomimnied hy a dimimiiton in vohinie, and therefore the 
tendency to i»roducc amorphous sulphur must lie greater the greater the 
pressure. The earlier data quoUd in l ig. .^K were nigaiiiid prior to 
Smith's discovery that sulphur diosidc and other acids prevented the 
formation of amotiihous sulphur, whilst aimnoma made the formation 
very rapid. Tbe results graphed in Kig. neithci represent true 
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whi(± the reader is referred to the original papers Before considering 
the case of phosphorus, which we shall take as an illustration ^ 

method of treatment, it is necessary to consider the means whereby the 
existence of inner equilibrium between different sorts of molecules can 

^NoTE A unary substance is one whose molecules are all identical 

physically as well as chemically A pseudo-binary substance « one 
whose molecules are chemically the same (as regards ultimate analysis), 
but nevertheless may be divided into two sorts diffenng from one 
another in respect of “ physical ” properties, and there exists an equili- 
bnum between the two sorts 

The Stmtficance of Melting-point Determinations from the Standpoint 
of the Theory of Allotropy 

Consider the diagram (Fig 47). m which f 

perature, and the abscissse time In the case of an 
tody consistmgof molecules of only one sort both 
solid states, the curve obtamed would be similar 
perfectly horizontal portion during the process of solidification. ABC 
represents the cooling curve, / e the tern- _ i 
perature-time curve, which we get when 
a substance behaves as a perfectly unary 
substance^ and the heterogeneous equili- 
brium {t e transformation of phase at 
constant temperature) between the liquid 
substance surrounding the immersed 
thermometer and the outer solidifying 
layer (which is in contact with the cool- 
ing bath) sets in rapidly enough for the 
loss of heat to be compensated by the 
heat evolved by the process of crystal- 

, . j 4. *0 iin fr» t 

lisation 


\d 


(t) 


Thtne 
Fig 47 

Solidification in the outer layers begins , A to the tern- 

evolved on crystallisation, and the horizontal part of ^ 

Before the mis has, however, beconje ^^nta.fiTS^ 

because the ^ermometer comes more and mor 

in Its readmgs the rounding at C, until ttolasmag o^ q^ 



j .srs7*EM (fF Pfi\si(\t{ (^HFMiymr 


JOO 

thf* Imi of bviil can no longu bn inalntl b) ilit^ lit it cif i iy»4allii4 

tm\ m « of whnh thn iiqniil m fiitiiatt %iiti *lir stilid n 

hU|w*r-ctK)lf cl In t!n» v*m* a innn or Invi inn* mil! hr nnim} 

iminul of lh«* li<ni/niUjil jMrn HnadiM ilns kg oi ln»itrrr* 4 ni in tin 
nqiiilibrinm M»lid lit|nitl i an anga 4 nj*iiin ft# r/iri|» i iiWi 
It m iiKo ctmccivahk that Ihr »at|Hr innlirig iinghl b*" alliibiilril in ik* 
fort tliiil thr innri nqinlitinnm lxiwr»n dilffirni *4ir!*i «f 

rnoltH iilr% of the* ‘ininf* i nniiKmnd# ban mil %rt in qnii y\ rntnifji, $ f, tlie 
subhlance ih mil iirting in* ii urtitiy nm*. At rtitclingH. t«» ilnidr by 
mrans c^f fooling riirvf*i whrthtn or mi it »inb\tawr li«*liavr*i in a iinary 
w,t), wr iniiht [Himif thr following miirM* * i/nriw/ miim^ 

(Mm Pif fit/ mmiftMi xtmikF a\ fiVi af (pf 

ptnmfMit) wkmds ike ptrtHMm khkrv kf thf twhiamt #f 

diffmii m ynuMf, $\t, it in fitiMtd In ddfrifnl Iriiiiirrauiir ttiid 

qnirkly brcnighi down to thr brr/ing jMinit, thr idra tuniig tlwl the 
jnnei fc|uilibnum wd! thus vary fiomtiw to tai.aml will tiMiidrit 
itself by differmi ftmni of solidifying t nrvri, tlir hrirrogritrons ri|iiili« 
brtnm changes being jireHiitnitbly kept the H*tmr m sm fesuivt* f*s{irf inirnlH 
by freeumg at thr utmf mte, etc. In theitcinal lb# li*|iml sitlfiUrire 
h first allowed to s»|a*i-foot ii httle, and in lb# n ** weird** in some 
way, iKsause tlir initxirmint to whitb the tfiii|rraiuri then rises in the 
iuhmH|nerit sobdifiratton ran givt* valnable mloimatinn ngaiding the 
exiMrnff* or non ricistenre of miirt eipiilihtmriii i r as regjiid * sritling 
whethrr a stilistanre k nnitry or not Krnitfi hits exaimmfl in tins way 
thr systrniH : Mfnktv (which Indiavcd as a niiatv snttslamr, and in^iy 
tliridore hr regarded an composed of uleniital niolfftilisfo //« (which 
proved lobe complex, {Kmiblv psendo binary, i>, two softs of mole 
culr ^) ; tmifff (which also proved to be c ompir x, the* **ffi i /ing fffjiiil** 
varying from o'jKto erofi when solid it*r was rapidly be itcd) ; and 
finally sniphMrmA phtp^/^humn^ the latter of wbii b will bt now i ofistdered 
briefly. 

Fhcmplioniit probably eiists in three ?aibd foinisns well as ln|iiiil and 
giwccms (folibow, Am/wv, I49, jgy, mmu 151 . |«J» iqio) - 

white phoiphoiw, red, and pyromorpbir or violet pboipboriia After 
contidemhle trouble fjcrfeetly /wre white plHWpboriff was obtaiiirii, i>, 
white phoiphoriw which cm king heiited slowly gave a ^tiarp ineltitig 
jioint It wfii found to 11044*0** C, Having ftnis iwi appawil iiiiitry 
iMdmvioiir m far m slm^ lempeniuire diitngex are roric ernrcl, the neit 
tiling wa« to »co if, by rapid healing or c ooling, the real inner rone 
plexitv wonld mimifcil itself. 11r following t% a «leim|iiiott of thnii 
experimenti. The melting |K«nt vmsid was firit plai ed tii Imilifig wafer 
for some time and then suddenly traniferred to 11 bath at C'. In 
make the cooling take place so rapidly that the cqnilibiinm 

could not keep pace with it. When the grtnirig ^ mtk plicr iit atwni 
jfS* ^tfler taking mit of the* Iwth, llte teiii|M*rfitinr rose akivr 44"* 
C.| from which it followcdi that when the roolitifi takes place very 

* Tl» grtftlng wti iffretdi by bfeaking tii ihf rapilltfy ctidiiii 10 tlii! twbt and 

lfii«rtln| it fer a laomtiit In wlli CO^. hoild phoiplioi cii was tlirreby fwiatd. 
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rapidly the" liquid phosphorus is already super-cooled at 4^ 
Vmelting point) In a second case the grafting took place 
44“ C and the temperature lose to 45 5 , and Smits ® en® 

a rise to 46° with grafting at a still earlier stage In the p , 
corresponding to the curve given (Fig 48) grafting took pla 
44 S° C , at first the temperature descended, then rose to 4S o 5 . 
which It fell again, at first pretty rapidly, then less '^apidly, and t^ t 
very rapidly again The whole hne shows the type of a line of sol 
fication of a mixture, the melting range being here about i 8 , b t 
be considerably larger still When solid Phosphorus, even when rapidty 
cooled so as to exhibit the phenomena just described, “ 

stand for a short time inner equilibrium rapidly sets m The secona 




Phosphorus 
Fig 49. 


tr? \ .r. « Vianfina rnrve which shows what was observed after 

thrsohd^substance obtained in the previous 

j c The heatine: curve shows that alter some 

SL’” approach .o.h, 

f f„“?nn?Se S?«irpo». 

Smf point ’not Smits assnmes that’ phosphorns really possMcs 
SrlZrof moSftdes „..»lly »nv«We He *-^ypo; 

ttifatieal “forms” of phosphorus by Pa and Pp ifte actual lorms , 
meet with (white, red, and violet) are really solid solutions of Pa arid 
? aTd ^er from one another m their percentage composition in 
of *ese Of course it could scarcely be hoped to 
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ever realise experimentally pure loo percent or loo per cent 
because of the rapid change each of these would undergo into some 
known form where a and ^ molecules are both present. Smits takes 

Pa to be ‘‘probably colourless” 
b This seems to be necessary be- 
cause Chapman Chem Soc ^ 

75 , 743 j 1899) found that red 
phosphorus melts to a colourless 
liquid and in becoming liquid there 
must have been a shift towards 
one or other of the hypothetical 
forms — ^we may take this one to be 
Pa The behaviour of the system 
phosphorus, so far as it is known 
to us, could according to Smits be 
accounted for if we take the vari- 
ous phases known to be related to 
one another m terms of a and /3 
(as regards their constitution and 
range of stability), as given in the 
accompanying diagram (Fig 50) 
The line ^/q/i denotes the in- 
ternal equilibrium in the liquid at 
different temperatures, and re- 
fers to the internal equilibrium 
(over a small temperature range) in 
so/id white phosphorus^ so that Si 
and 4 indicate the solid and the 
liquid phases which are in internal 
equilibnum and coexist at the unary 
melting pomt of white phosphorus 
(44° C ) Now it follows from the 
course of the lines that if the liquid 
Iq is cooled very rapidly, the system 
will move down the dotted vertical 
line and crystallisation will occur 
^ ^ already at (the composition of 
Phosphorus * ^ the solid being s\) Then, in the 
Fig 50. absence of internal transformation, 

a melting range /'i/i would be found, 
whereas in the case of rapid heating of the solid phase n the melting will 
already begin at ^ 2 be completed at Si Internal conversions, how- 
ever, are not absent, so that “a transgression of the unary melting point 
is always much smaller than the lines l\li and y2'^i would lead us to 
expect Further, the figure shows that the initial solidification will 
appear the sooner according as a higher temperature is started from, the 
system passmg down (if cooled quickly) an imaginary vertical line from 
any pomt on the hl^/i line Similarly we see that initial melting 
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will appear the sooner {t e at a Je'^exptlSd on the theory 

the temperature we start from ^ l^^nary system Jolibois 

of allotropy, treating ./stable ^0/460° C and above 

has remarked that violet Phosphorus is stable a colour- 

this temperature the red modification a’nseudo-bmary system, r « 

less liquid at 610° C Smits points o , , P made to account 

a system consisting of two sorts ”°J®^’f®!’g^ficiions provided that 
for the existence of three actual /ries of solid 

it is assumed that there is ^ s^oond is^oo^ liquids along 

solutions This has been don ^ Imtiids along Ic coexistmg m 

coexist with the solid solutionis s , . ^ ^ figure represents the 

equihbnum with the solid solutions se , ,/m equihbrium being 

.oT i .s convened m.o nole. .o «h>ch 

IS therefore Stable below 460 C considerable part of the above 

It must be remembered that , nature only Other 

equilibria at the present time are of a ^P® system are held, for 

views on the composition of the phosphorus system arc 
ISLpCby Cohen and Ohe {Ze^tscA phystk Chsn , 71 , x, xpxo) 



CHAPTER XI 


Chemical equilibrium m heterogeneous systems (from the thermodynamic standpoint) 
when capillary or electrical effects are of importance — Adsorption — Donnan’s 
theory of membrane equilibria — Micelle theory of colloidal electrolytes 

Adsorption 

The phenomena with which we have to deal are those which are mani- 
fested at the interface where two phases meet The general treatment 
of the behaviour of heterogeneous systems m which surface or interface 
effects due to capillarity have to be taken into account (as for example 
the stability of colloidal solutions and emulsions), from the standpoint of 
a modified Phase Rule, has been left so far almost untouched Within 
recent years Pawlow {Zeitsch phystk Cham ^ 75 , 48, 1910) seems to be 
the only investigator to have attempted this difficult problem, but, rather 
remarkably, his work has received little or no attention Willard Gibbs 
himself pointed out in his original memoirs on ‘‘ Equilibrium m Hetero- 
geneous Systems ’’ {Smnhfic Papers^ Vol II ) that in addition to the 
variables already considered in the Phase Rule, namely, temperature, 
pressure, and concentration, one must also take into account the surface 
area of the interface (or interfaces) The difficulty is to settle the correct 
number of equations connecting these variables 

Donnan has investigated the problem of stability of colloidal solutions 
from the thermodynamic standpoint, starting with the idea of an effective 
negative surface tension His investigation, which is an extension of 
that given in Vol I of this book, will be found in the Zetisch phystk 
Chem, 46 , 197^ 1903 

Instead of pursuing so general a method of treatment, the subject of 
capillary chemical effects has been studied experimentally, by investi- 
gations of Gibbs* expression for the surface concentration effects due to 
surface tension Gibbs {loc at ) showed as a thermodynamical necessity 
that IF A DISSOLVED SUBSTANCE HAD THE PROPERTY OF LOWERING THE 
SURFACE TENSION OF THE SOLUTION (SAY, AT THE LIQUID | AIR SURFACE), 
THE SUBSTANCE WOULD EXIST AT A HIGHER CONCENTRATION IN THE 
SURFACE LAYER THAN IN THE BULK OF THE SOLUTION 

This surface concentration is identified with the phenomenon of 
Adsorption, although it must be remembered that effects which are 
usually described under this title partake more frequently, in part at 
least, of partial solution of the substance in the second phase, and also 
possibly include some kind of purely chemical change, not taken account 
of by the simple physical theory The property possessed by charcoal 
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of removing substances (such as colouring matter) from solution, or 
“absorbing” gases and vapours, is certainly an example of adsorption 
purely physical in the first place (and perhaps entirely), but possiWy 
also partaking of the nature of solubility, such as that to which the 
Distiibution Law applies The process of dyeing is also an instance ol 
physical adsorption, followed in many cases by chemical changes m the 
dye Itself or even in a chemical reaction between the dye and the 
material dyed The fastness of dyes, the greatest desideratum from the 
technical standpoint, means simply the irreversibility of the process, an 
this IS in Itself sufficient to show that dyeing cannot be entirely due to 
physical adsorption dealt with in the Gibbs’ theory, since it is exphcit y 
assumed in the latter that the surface concentration effects are reversible 
Investigation of the Gibbs’ expression must therefore be made under 
conditions where chemical effects and solubihty of the solute in the ad- 
sorbmg phase (the charcoal, for example) are reduced to a mmimuin 
There can be no doubt that more complete mformahon of this pmely 
physical phenomenon is the first step towards a rational 
of the more complicated phenomena of the dye-house and the filter e 
Smee the Gibbs’ adsorption equahon (as we shall call it) is thus oi 
very considerable importance for capillary chemistry, the d^uction ot 
the equation by means of a thermodynamical cycle will not he without 
mterest 


DeducHon of the Adsorption Equation 

The following is the deduction given by ^apdlarcMmie, 

p so) (For an alternative proof, cf Harlow and Willows, Trans 
Faraday Soc , 11, p S3. ^91 S A more accurate expression is given by 

^°^Const(kr^a dilute solution of volume v, osmotic pressure P, m coti 
tact with a vapour phase consisting only of the vapour of 
The area of the separating surface between liquid and f 

the surface tension is cr The solution is placed in a 
a Diston having a semi-permeable membrane, the solution being on one 
side of the membrane, ^id on the other side an infinite 
solvent m contact with it The followmg cychc proce^ is 
The surface area is increased by the amount 
being - <r* The volume of the solution is considered as barag 
remained constant At the same time the osmohe pressure P may have 

altered— Its new value bemg given by the expression (p -1- The 

volume of the solution is now increased by d-o, by pullmg out the piston, 
the work being + (p -h The surface area r is supposed to 

have remained constant m this last operation whilst the tension o- has 
changed to the value (<r -h |->) The surface area now contracts to 
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Its initial value, the work gained being + 




P has now 


returned to its initial value, and when the piston is pushed in, thereby 
doing the work - '2dv^ the system has returned to its initial state. 
Since the process is isothermal and reversible the total work is zero 
That is — 

- ^ds + (^P + + (^<r + - Ydv = o, 

. (.) 


or 




-hs 


This equation states that if the surface tension alters with the volume, 
that IS with the concentration, then the osmotic pressure must alter with 
the surface area The latter can only be the case if the concentration 
of the solute m the bulk of the solution depends on the surface area, 
and this can only be so if the concentration in the surface layer is greater 
or less than that in the bulk of the solution 

From the above we see that the concentration c of the solution is 
a function of v (volume) and also of s (surface area). If n moles are 

dissolved, then we cannot simply write ^ but instead we must allow 

V 

for the fact that in the surface layer the solute is present to a greater or 
less extent than in the bulk Suppose we denote this positive or negative 
excess in the surface layer by T, where T is mass of solute reckoned per 
unit area of surface Then if the surface area is the quantity of solute 
in excess m the surface layer is T^, and hence the actual concentration 

in the bulk of the solution is given by c = ^ ^ Note that the 


quantity Vs may be positive or negative 
equation (i) in the form — 



^cr 

Tic 

bV 

be 





bs “ 

But 


c)^r 


Vs) 



liz) 



and 


be _ 

r 



We can now rewnte the above 


(^) 




so that equation ( 2 ) becomes — 

^cr 

Smce the solution is a dilute one we can apply the^gas law P = RT^, so 
that we finally obtam — 

r = - ^ 

RT 

This equation states that if the surface tension decreases as the concen- 
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tration of the solute increases then V is positive the 

of the solute in the surface layer is 

bulk This IS positive adsorption On the other hana, „pp.«tive 
tension inqreases as the concentration increases, there will b 
adsorption or desorption of the solute in the ^ concentration 

the surface tension be independent in- 

nese sub,t»c=. l.k.w»e e»«^ a "?'“'’rSd SrZeo” StaSS 

facial tension between a pure hydromboo 01 oil and no 

measured, the tangent to the curre thus obtained at any given con 

tration (r) ^presenting the valne of I The nght-hand side expression 

could thus be calculated In tte c^ of 1 “^™ Tto vSi' rf 

dyestuffs it came out to be of tbe order lo g / methods 

the left-hand side was directly determined y g^e 

interfacial tension curve was itself used as *e amly concentration was 
the most delicate) Only a very particles 

^es7L^^=L^as^">.n./c» ■ , ^he^' 

between the “ observed ’’ A^lue Of r and to ^ 

that the great curvature of Proved in which a stream of 

to do with this, a second method h to solution, the 

large oil drops was passed ^ The results came out 

change in concentration bemg d d^^ method With the 

almost identical with those obtaine y , , much, less than 

caffeine, however, although the "Se2 ir ob^Sd, wia the 

m to foregoing cases, approximate agreemto grkm/cm=* 

observed and calculated value o ^ f dyestuffs and sodium 
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The NaCl will begin to diffuse from II into I until an equilibrium 
State IS reached, represented by — 

Na Na‘ 

cr cr 

I ii 

Now at the equilibrium, if a small virtual change is made reversibly at 
constant temperature and volume, the free energy will remain un- 
changed, i e no work will be done The change here considered is the 
transfer of hn moles of Na* and Cl' from II to I The work which we 
set equal to zero is — 


[Na]„ X [Cl']„ = [Na*]. x [Cl']. 


where the square brackets denote concentration terms It is un- 
necessary to take into consideration any potential difference which may 
exist between the two sides of the membrane, since equivalent quantities 
of positive and negative electricity have been transferred from II to I 
If vve carry out an exactly similar work process for the undissociated 
NaCl molecules from II to I we get — 


[NaClJi = [NaCl]„ 


Combining this equation with the former similar relation for the 
we obtain — 


ions, 


[Na*][Cl'] ^ _ 

iNaCl] ' ^^nstant, 

% e the Law of Mass Action, which is known to be contrary to ex- 
perience (at least if the ordinary conductivity method of determining 
degree of dissociation be taken as giving correct values) Donnan 
considers the discrepancy may be due to the abnormality of the un- 
dissociated molecules and that equilibrium across the membrane need 
not necessarily conform to the criterion that [NaClJu = [NaClJi Re- 
turning to equation (i), since in general [Na’jj is not equal to [Na’Jn, 
because the Na is obtained by the dissociation of both NaR and NaCl, 
it follows that [Cl']i is not equal to [Cr]n To get at some more 
quantitative relation, one may make the following simplifying assump- 

{a) Complete electrolytic dissociation of NaR and NaCl 

(b) Equal volumes of liquid on each side of the membrane 

We can thus represent the initial and equilibrium states as follows — - 


Na- 

Initial State 



Equilibrium State 

R' 

Na- 

cr 

Na 

R' cr 

1 Na* Cl 

^1 

<^i 

^2 

<^2 

q *+■ 

X Cl X 

1 

1 

1 . 


11 



I 

II, 
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where the symbols ^2 represent gram-ions per liter That is 

f 100 represents the percentage of NaCl which has diffused from II 
^2 

into I , and the equilibrium distribution ratio of the sodium 

chloride between I and II 

Equation (i) can now be written in the form— • 

(^1 + x)x = (^2 - 
or 


whence 


"h ^^2 

X _ ^2 

^2 ^1 "b ^^2 

^2 - + ^2 

X h 


If IS small compared to one may write 

^2 




h 


X 


^1 X 1 , 

By way of illustration, suppose = "^o’ ^ ^ ^ 

per cent of the NaCl originally present in II diffused into I If on 
the other hand, is small compared to c^, it follows that 

* = - and ~ = I, as one would expect. 

The following table shows the variation of the distnbution of sodium 
cMondt bSSf the s.l.t.ons es a function of *e coneenttation of the 



Initial Concen 

Initial Concen 

nation oi NaR 

tration of NaCl 

in I 

in 11 

^1 

S 

0 01 

I 

0 I 

I 

I 

I 

I 

0 I 

I 

0 01 


Initial Ratio 
NaR 1 NaCl 


. D istnbution Ratio of 
SrcinSCd ' NaCl between II 


from II to I 


and I when Equi- 
librium IS Reached. 


^1/^2 


o 01 

0 I 

1 

10 

100 


49 7 
476 

33 

83 

1*0 


1 01 
i*i 

2 0 
IX o 

990 


The equ^bnum reached - wVld 

“»5.SS‘.hTmcffl’hee„ m l ^he 
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to NaCl, the presence of NaR in sufficient concentiation on one side 
IS able to make the permeability of the membrane for NaCl in one 
dtreciton almost vanish Donnan points out that such effects must be 
of great importance in physiology, for in living tissues membranes are 
always present and the existence of protein salts which correspond to 
the hypothetical substance NaR. will evidently have a very maiked 
effect upon the distribution of simple inorganic salts to which these 
membranes are “normally’' perfectly permeable The unequal dis- 
tribution of NaCl on two sides of parchment owing to the presence on 
one side of Congo red, has been experimentally demonstrated by Harris 
in Donnan’s Laboratory 


Influence of the Unequal Distribution on the Measurement of Osmotic 

Pressure 


It follows from what has been said that no direct measurement of 
the osmotic pressure of NaR can be made in the presence of NaCl 
owing to the opposing pressure exerted by the NaCl, i e owing to the 
difference of osmotic pressure of the NaCl in II and m I Assume 
for simplicity’s sake that the salts are all completely dissociated and 
equal volumes of solution are present on each side of the membrane 
The true osmotic pressure of the NaR is then given by the equation — 

Po = 2 ^iRT 

If we call P the opposing pressure of the NaCl, we have-^ 

P = 2(^2 "" ^)YJi - 2x'RT or 2{c2 - ^ - x)KT 
The observed osmotic pressure of the NaR in I is P^, where — 

Pi = Po — P — 2RT(q (^2 *“ = 2RT(q ^ + 2x) 


Hence 

smce 


Pi _ ^2 

Po ” q + 2^2 


Cl + 2C2 


If Cl IS small compared to C2j then Pi = |Po 
pared to <ri, then Pi = Pq, as one would expect 
illustrates these relationships — 


If C2 IS small com- 
The following table 


3 

Cl 

p, 

0 I 

0 92 

I 

0 67 

2 

0 60 

10 

0 52 


On account of the unequal distnbution an addition of an electrolyte 
With a common ion will din^inish the true osmotic pressure of ap 
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electrolytically dissociated non-dialysing substance This has been cx- 
penmentally verified by Hams 

The Case of an Electrolyte -without an Ion tn Common with the 
Non-dialysing Substance 

This can be treated in exactly the same way as the simpler case 
Suppose in solution I we have the substance NaR (dissociated) and in 
II tbe salt KCl also dissociated Then the initial concentration will 


be represented by — 

Na- 

R' 1 

K- Cl' 


^1 



The ions of KCl 

I 

diffuse from II 

II 

into I , and the 10ns of NaCl can 

diffuse now from I 

into II 

The 

equilibrium state will thus be re- 

presented by — 

Na- K 

cr 

R' 

1 K- Na- Cl' 

C-y - Z X 

y 

C\ 

1 - X 0 c% - y 


In order to have electric neutrality on either side, it is necessary 
that z ■= X - y By considering the work done in small virtual changes 
at the equilibrium point, the following relation is obtained as a cntenon 
of equilibrium — 

[Na-], _ [K*]. _ [Cl'ln + g2 ^ R 
[Na]„ " [K]„ [Cl']: “ r, 

Taking the case in which - = 1 00, the following changes from the 
initial state will take place— 

(a) 99 per cent of the K* originally piesent in II will diffuse into I 

(f) Only I per cent of Cl' origmally present in 11 will diffuse 

Only I per cent of Na* originally present m I will diffuse 

It will again be surprisingly evident how great an effect the sub- 
Stance NaR has upon the ionic distribution of KCl on the two sides of 
the membrane In this case there has apparently been an ^exceedingly 
marked preferential effect, nearly all the K being ** drawn into I aM 

Cl' expelled This latter phenomenon would be realised if the KCl 

had been present in I to start with 

Hydrolytic DecoTTiposition of Salts by th^ Membrane 

The question which now arises is What will happen if on one side 
of the membrane there is NaR and on the other pure water ? The Na’ 
will tend to pass thiough the membrane since the latter is permeable to 
th^s ion, but this can only take place if at the same lime an equivalent 
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quantity of OH' (from the water) diffuses in the same direction The 
initial and final states could be represented thus — 


Na R' 

1 pure water 

Na* 

Na* 

I 

11 

H* 




R' 

OH' 



I 

n 


Initial State Equilibrium State 

The solution in compartment I will thus become acid To find 
the equilibrium concentration relations let us assume that equilibrium 
IS reached and that a small virtual change is made involving the transfer 
of In moles of Na* from I to II and hn moles of OH' from I to JI 
This leads to the relation — 


whence 


“Tlog|g^ + 8«RTloggSi.-o 

[Na-]i [OH']„ 

[Na]„ [OH'], 


In order to make the consideration of the problem as simple as 
possible, we assume the following — 

{a) Complete electrolytic dissociation of all electrolytes present (with 
the exception of water naturally) 

{b) I and II occupy equal volumes 

{c) The H* ions produced in 1 at the equilibrium state (or the OH’ 
produced in II ) are in relatively great concentration compared to the 
concentration of the same ions produced from water under ordinary 
circumstances We may thus write down the following concentration 
relations — 


Initial State Equilibrium State 

Na* R' pure water Na* H R' 1 Na OH' 

^1 Cl X X Cl \ X X 

I n I n 

The equilibrium relation above may thus be written — 


Cl — X _ X 

“"IT' “ [OS']! 

Also if Kte, denotes the ionisation constant for water, then — 

^ X [OH']^ = 

Eliminating the [OH']i term, one obtains — 

X^ S= — 0(^ 

If X IS small compared to q we obtain the very simple relation — 

This equation predicts very small values for x, which only increase 
relatively slowly with increase in q. The following table shows the 

nature ofthe results obtained for the temperature 25° C (K^, = lo^^"^) — 
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*1 

X 

! 

IOOa: I 

0 01 

5 X 10-*® 

0 05 per cent 

0 I 

I X 10- ® 

0 01 „ 

I 

2 X IO-® 

0 002 ,, 


The degree of hydrolytic dissociation j brought about by the 

chemically “reactive” membrane is extremely small The remarkable 
thing IS that there should be any hydrolysis at all, especially as we are 
considering the case of complete dissociation which means that the 
acid and base forming NaR are both strong, as otherwise the H' p^sent 
would react with R' to form undissociated (weak) acid These 
simple considerations, however, show that the hydrolysis must actually 
take place, a fact which has been experimentally verified by Hams in 
Donnan’s Laboratory By increasing the volume of II in comparison 
to I the degree of hydrolysis can be mcreased If, for example, the 
volume of II is made v times greater than that of I , we must write the 
equilibrium conditions as follows — 

Na’ H’ R' Na* OH' 

X X 

Cl — X X Cl ~ ^ 


the corresponding equations being — 

x^ =* “ x) 

or when x is small compared to Ci 

If, for example, v = 100, = 01, then x will be of the order 10-*, 

so that the percentage hydrolysis vnll be of the order o i Natur- 
ally if the acid HR is a weak acid this will reduce the H concentration 
in I and will tend to increase the membrane hydrolysis Don nan has 
worked out this case when K^, the dissociation constant of the acid 
HR, IS small It is found (for details the original paper may be con- 
sulted) that the degree of hydrolysis may be written — > 

= §1° (ci - - 2x) 

If IS small compared to one obtains — 



As an example of the numerical values likely to be obtained, putting 
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Cl = I, K® = 10'^*, and K* = io~®, then x = to"'*, and = o i, 

ie o I per cent hydrolysis Such hydrolytic effects must take place 
in the ordinary process of dialysis and must also be present when 
measurements of osmotic pressure of electrolytic colloids are made by 
means of membranes. 

Experimental Evidence for the Foregoing Theory 

As illustrating the kind of evidence which can be brought forward, 
for the three membrane effects hitherto considered, viz (i) the unequal 
distribution of a simple electrolyte on the two sides of a membrane 
ordinarily quite permeable to the electrolyte, when an electrolytic col- 
loid is present on one side of the membrane , (2) the influence of this 
unequal distnbution on the apparent osmotic pressure of the colloi^ , 
(3) the hydrolysis of the electrolytic colloid by the chemically inert 
membrane — a short account will be given of certain of the experimental 
results obtained by Donnan and Hams (Trans Chem Soc ^ 99 > ^554 
(1911)) in connection with the osmotic behaviour of Congo red (the 
sodium salt of diphenylbisazonaphthylamme sulphonic acid) 

The osmometer employed was fitted with parchment paper mem- 
branes, which are ordinarily quite permeable to the molecules and ions 
of salts, such as NaCl, but are impermeable, or practically so, to the 
molecule and anion of a substance such as Congo red In the first 
series of experiments measurements of the osmotic pressure were made 
with solutions of Grubler’s Congo red, which was found to contain 
about 30 per cent of NaCl A hter of distilled water, free from CO2, 
formed the liquid external to the osmometer cell, which cell contained 
the dyestuff On setting up the cell the following general behaviour 
was observed The pressure rose quickly at first, the velocity of in- 
crease gradually diminishing After four or five days the pressure 
attained a maximum, and then began slowly to decrease On changing 
the external water a further rise m pressure occurred, followed by a 
slow fall Succeeding changes of the external water gave rise to the 
same phenomenon, the increase of pressure becoming, however, rapidly 
smaller with each successive change of external water The experi- 
ments were carried out at 17° C It was found that the orginal liter of 
water contained nearly all the NaCl present mitially in the Congo red, 
the second liter removing practically the whole of the remainder 

In order to get a clear idea of what is occurnng in the above rather 
complex behaviour, Donnan and Harris proceeded to show in the first 
place that the NaCl, when it has reached equilibrium, becomes un- 
equally distributed, that is, that its concentration in the external water 
becomes greater than in the osmometer vessel, thus producing an 
osmotic pressure opposed to that of the Congo red This was shown in 
the following way — 

Five grams of Merck’s Congo red, containing 16 47 percent sodium 
(showing therefore the presence of a fairly large amount of foreign 
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electrolytes, NaCl and Na^SO^,) were suspended 

water, free from CO,, and placed mside a P^f^“®fXnserof water 
m a liter of pure distilled water By means of ^^^s^s being 

the greater portion of the'^oS°wattr was^ replaced 

continued for twenty-four hours Ihentue ourer w content of 

by a liter of N/io NaCl After thirteen are as 

the inside and outside liquids was determined 

follows 1 4. 

Outer liquid, 5 io6 grams NaCl per liter 

Inner liquid, 4 47 ^ »> ” , ^vripit 

The concentration of the Congo red was i 

ment shows that after thirteen days ^ the 

NaCl m the outer solution is '^^d^'^bte^y greater than that ^ 
inner In order to meet the objection that in the above experrae^^ 
the NaCl might still have been diffusing into the inne ^ 

fuitte experiments were nude m tshicd the ““““"f” oSeo ^ 
was mitully higher in the inner sotation, contnining the Congo , 

than in the outer liquid /> x orams ■oure 

In the first of these a mixture of approximately Conductivity 

Congo red and 7 ^ g«-\NaCl oroVpme 

water were placed inside the dialysis and a 1 P NaCl per 

After six days’ dialysis the inner liquid ^ ^ Cntration of the 

liter, the outer liquid s 7^8 grams per the concentration 

feteroV,^rtfhSip°^,i r;^» 

tamed 2 53 grams NaCl per liter, the per 100 

concentration of Congo red (in the ^™®a revlrs^ile one, and 

c c These results show that the equihbm” is a re^ 

that the equilibrium sUte corresponds to a g q -g red This 

a counter pressure which will ®ed When the external 

than the true one possessed by the ^-ong ognnter pressure is 

water is changed in the cMmotic nressure occure that is, 

removed and thus a sensible rise of os p _ j observed, 

m die limit, the due esmouc preesme due to *e »»«» 

The following eelcukuon ”fS?tte^ w“niSeiS cued 

pressure referred to Consider the fii^ immersed initially in 

above, namely, that in which finallv ■; io6 grams NaCl 

ahter of N/io NaCl, was ^°o^“^the^g^ter Llutio^f NaCl is 

per liter The osmotic pressure at o C of the outer somi 

23 4 X 760 X 8^ X r mm mercury, where * is van ’t HofFs factor 

for a solution ofthis concentration The osmotic pressure due to the 
NaCl concentxation m the inner solution is 
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22 4 X 760 X X f Setting i ^ i ^ i 85, we get for the 

58 5 

counter osmotic pressure at 1 7° C — 

^ 200 o 628 n 

224 X 760 X CL- X — — X I 85 = 359 mm mercury 

273 585 

Now the osmotic pressure ‘at 1 7° C of the Congo red solution present 
m this experiment, namely, i 074 per cent Congo red, would amount 
to 290 mm mercury Hence the approximately N/12 solution of NaCl 
would more than suffice to annul the osmotic pressure of the i 074 per 
cent Congo red solution 

Returning to the original osmotic behaviour of the Congo red 
solution, we have still to account for the gradual decrease in pressure 
exhibited after a maximum has been attained Donnan explains this 
on the basis of membrane hydrolysis In the osmometer experiments 
Donnan and Harris point out that the contents of the osmometer acquire 
a muddy brown appearance after about forty-eight hours’ dialysis This 
appears to be due to the presence of a fine colloidal suspension This 
solution is unaffected by a small quantity of NaCl, whereas a trace of 
NaOH reconverts it into the original bright red solution The turbidity 
is regarded as colloidal Congo red acid or the acid salt, possibly con- 
taining adsorbed Congo red The gradual formation of this would give 
a satisfactory explanation of the gradual fall in the osmotic pressure 
The acid has been formed by the passage outwards of some Na"*", along 
with OH”, leaving an equivalent number of H"** 10ns in the osmometer 
If this is the case we should be able to prevent this membrane hydro- 
lysis, and so obtain a constant osmotic pressure by employing, instead 
of pure water, a dilute solution of NaOH as the outer liquid This is 
confirmed by experiment The value of the osmotic pressure when 
the Congo red is dilute approaches closely to that calculated for simple 
undissociated molecules With more concentrated solutions of Congo 
red Its colloidal behaviour manifests itself, aggregation occurring, so 
that the osmotic pressure per molecule decreases with increasing con- 
centration 

The gradual hydrolysis of Congo red solutions on dialysis with 
continued change of the outer liquid was conclusively shown by 
determinations of the sodium content of the inner liquid Thus, m a 
certam case, starting with impure Congo red, after four days’ dialysis the 
sodium content of the inner liquid was found to be practically that 
corresponding to pure Congo red, namely 6 6 per cent of the dried sohd 
After three weeks’ dialysis the sodium content of the dried residue, ob- 
tained on evaporation, was found to be 6 o per cent , thus indicating a 
loss of sodium from the inner liquid In order to obtain a more marked 
difference, a diluted solution of the muddy brown liquid, obtained after 
three weeks* dialysis, was subjected to further dialysis with daily removal of 
the external water After seven weeks’ dialysis the muddy solution in the 
dialyser had assumed a violet hue, and the dried residue was now found 
to contain only i 6 per cent of sodium As indicating the reversibihty 
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of the change m the dyestuff it was found tl^t a 

solution, when boiled in a beaker, abstracted enoug Similar 

glass to become converted into the normal Congo red 

Lults, as regards removal of sodium, were obtained more rapidly 

Kahlbaum benzopurpurine— 4®- „ rinnnan and 

In a later paper (yVaw C/tem (^914)) ^ 

Allmand investigated the distribution equilibrimii o p results, 

chlorine ions across a copper ferrocyanide as to 

whilst confirming the theory, were complicated by ^wal^on^idered 
the manner of ionisation of potassium ferro^anide fprrocvanides 

that this difficulty would be overcome if solutions of ^ ^ 

were employed on the two sides of the membrane, sp by 

salts were ionised to the same extent This case was investigated by 

Donnan and Garner {Trans Chem 5fr, 115, J3^3 G9t9;J „ji,|3rium 
With a mixture of potassium and sodium ferrocyanides equilibnum 
will be set up by an interchange of sodium and potassium i ’ 
the membrane is not permeable to ferrocyanogen ^ <fSie 

applicable in this case has been given in the lysing 

c^se of an electrolyte without an ion in common with the non-dialysmg 

substance,’’ the condition for equilibnum being— 

[Na+]x X [K+].i = [Na+].i x 
assuming that the ions obey the laws of ideal solutions, 

that thir activities (Chap VIII ) are sensibly the X® of Potassium 
centrations When calcium ferrocyanide is used m place of potassium 
ferrocyanide the equilibrium should be defined by 

[C.++].xSJa+]?.-[C.«]nX[N.+]; ■ • W 

and [Ca]:X [Na]f.= [Ca]„x [Na], , • W 

if the degree of ionisation of the two salts is the same - 

In the case of the sodium-potassiuin osmotic 
results showed good agreement with the requirements of the theory. 
The soluUons were o 025 molar, the volume 

The usual procedure was to place a solution p The 

L L M the cell aed the sodt.m by 

time required for the furSr^Sange in the conductivity 

conductivity measurements, and no turt g rells were 

could be observed after an interval of one week The cells wer^ 

however, allowed to remain in darkness, mth 

three to five weeks, in which time eqmhbrium 

Ultimately the contents of the solutions on ^ 

were analvsed. The results are given m the foUowing xne 

column headed Na and K give the 

oSS td. the ratto ^ the i«. f<» h S 

ment i withm the experimental error It is assumed that the ratio ol 

the ionic concentrations will be practically *® ^“® ^ ' 

the table, smoe the sodium and potassium salts are similar in character. 
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Cell No 

Normality of 

Na/K 

Na 

K 

I a 

0 0335 

0 0451 

0743 

b 

0 0410 

0 0567 

0 723 

2 a 

0 0503 

00497 

I 012 

b 

0 0496 

0 0498 

^ 996 

3 

0 0516 

00477 

I 082 

h 

0 0575 

0 0524 

I 097 


0 0559 

00443 

I 262 

b 

0 0666 

0 05205 

I 280 


00573 

0 0416 

1377 

b 

0 0884 

0 0643 

X 375 


In the case of the sodium-calcium lerrocyanide solutions a some- 
what unexpected result was obtained Whereas equation (<5), which 
refers to the concentrations of the two salts, holds within the limit of 
experimental error, it was found that equation {a) does not accurately 
represent the relationship between the ionic concentrations of the calcium 
and sodium salts on the two sides of the membrane The activities of 
the ions in this case appear to be more closely related to the molar than 
to the ionic concentrations The difficulty here encountered is not to 
be regarded as a failure of Donnan’s theory of distributional equilibrium, 
but a failure in the means possessed at the present time for determining 
with accuracy the true activities of ions 

Experiments were also earned out by Donnan and Garner with a 
liquid membrane, namely amyl alcohol, the solutes being LiCl and 
KCl LiCl is easily soluble in amyl alcohol, whilst KCl is only very 
slightly soluble The osmotic cell system in this case would be repie- 
sented by — 


KCl and LiCl in water 


amyl alcohol 


LiCl in water 


The problem has to be dealt with indirectly, owing to the too slow 
diffusion of LiCl through the alcohol The results, so far as they have 
gone, substantiate the theory For details the onginal paper must be 
consulted 

Membrane FotentiaV^ (the P D existing when the equilibrium as 
modified by the membrane is reached). 

Consider the simplest case of a NaR and NaCl, equilibrium being 
represented by — 

Na- Na- 

R' 

cr cr 

I II, 
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It) a similar mai)ni<r om may <.«Uukt>> tin* {Mititittal tldlrtf nm in 
the man- neiiml «w id whith Kt'l i*. jni sent tit jilatr t»« NaCl, 

ThI’WIIV ok VKOKTAta,K 't'ANNlMa. 

The theory of tanniDK, j^ivmi Irluw, is that •.iiggestt'dl l»y PriK'ter and 
Wilson (7H»«r. fV/r« S»m., im, 1.1*7 The atliwl word* of 

the origiiwl iiivi'»tt(*.»lor') have Iteen exteijsivrly rii)|»lo)({i. The treat* 
ment «( the imtblein as will l»e wen is esaenlmlly an a|ii»lKati«»n of 
Donnan’a theory ol ti«'inl»rane jHiteniial, which w« hate Just • onsidered 
Further, the « onsiderattmis are of a ^enrml kind, not necessarily re- 
stricted to the jiroa'ssof tannioK alone; they Miggrut, indeed, a 
tr«atmcnt of eolloitkl rqnilihrium ami jiierijiitaticw Ironi the electrical 





tteimllor as the surlkt'e kyerj mtwt contain a tsrtain contxntration of 
pwttfve iiai* iKtund by eteetrochentical attraitions to the m^atiwly 


hrit«i'«l t itH'f) I i<« «“' •*» '1»*'** >•'* flwfg** J»y nimhming with 

III Kitivp tiMi <‘t hi iiMti <»»g. »*» do »tr C’lmgon d ; it K iinmAUiuil 
B ihi’ thwy w»'i* h< in i . ilir tA v ( ^ll thi* row ••titmtion of tannin 
laitti l« ^ \ I '' •»"«* *h.ii i»< th»’ jiiintiv* KHH laiund by eln trical attractions 
^thrUiwnii 't* '* •*«*' b t '•*>”*■ '’f *b*’ cln trolyto MN be added to the 
itiliiiKin du *>4kr m( •.imjihnty wi* are ctmmdering thecaaeofa 

^ uiv I In nob I- id the wn. nnivaU-nl tyjic FwHt and Wibon show 
rlui iIk rqii4lH 4p|i!H4lilr to iitiy typo <if electrolyte.) In 

ihr llirir tm* a i niiimtlralion oI iorii Irnund 

liiii<tlt*«ti«iiin4l4itrii*uoiHl<ithr tartimi* ni well m some md Nj" 
iiL mt litHiiitl. wi !li4t it$ dm Uyer (M^l^tiii |Ni will he meqml, 
•iiiht III the iHill Ilf Ihr ioltiiiim they will ri»*ceHHiirtlyjr eqml ; a con- 
flilitiii to wliiili wolk on inewihiane equilibria is applicable. 

Wliefi eqiiiblif tuiti efialib^hiTtti tC a Hiiiall eirlual chatinje is tnaw 
irtmiblf at loiritaiit teimatratiiif and eohiiiie* the free energy will re- 
iiiiiii iio«liaiw^lf that sw W€»rk will lie done, I he change here con- 
riilrrrd the ut In molri cif and N “ from^the bulk of the 

soliittoo to the wif krr Ufrh 11tr ctimlition of e«iuilibrtum i» then 

«i.RTla«jfJj;' + 4«RTIog[I3 };'«o 

where [M ♦1« TeinrieiilH ihe « nneeiitration of in tlie bulk of th« aolu 
(init 4 wl (M • h II I I onn otration in the surfaw layer.* It follows from 
the iirn rding r«jM.aioH that at equilibriuBi— 

iM*j„ n |N ),, » X INi,. 

In wotrl*. if only biiwry elntmlyt*^ am princnt, the products «• 
miUBfiim of any pair of diftti«ble aial oppositely charged ions will ba 
enual in 'urf.!* r layer and bulk of wilntion. , . « * -,i 

The following system of wrtation has biwi adopted by Proctisr and 
Wilson to keep ilm rrawiiMng a* closely po’O'W® 

artier pajiers (rnferretl to in yRtai. Ckffi*, iSfff., 1W» *3*7 (*9*®))* 

In the bulk of the solution, lot . .. 

- mnerntration of podtrao or ra^ative ions. 

ch.|rd “id b. 

8 ronmitration of positively charged ions liound by 
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proving that Mr %mfmf kwr md 

Mk (f Mduiiitfi miii d$mim%k m ikf #*/ ## ik 

xtdufi$m h mtrmwd, Wh«i Ihi^ iliflrrrwr cif |a»trniial In*, n iiiwlr 
juiffioirntly "ifiiall, Ity addition of <'*fertr«!)ir\ a roiidiiifift in r^tahlnhwl 
whirJi m favourabk* to thr coiik^^i na o of thr |iArti<’lr\ and « iionrc|iirnily 
the tannin preoipitateii. (In Vul. I wo kivr wn that llioir an? ap. 
parent eitcTptioiw to Ihm »mi|ilo riot trie al view,) 

When hide h imnieriod in an mid nnliiiinn* a highly loiimtilr mk 
of collagen is fortiird in iiliioh the rollagon /iioi/iWg dwi^rd, ami 
iherofme ihK ptitonlial difforomr will l»o niinwd by tin i«iriinilii 

K- ‘ ♦ •’ 

I* j ♦ 

whm* F, ix obvimwiy of opjKMtitu sjgtt lo tfwt iii tlir t%m of trtimio. In 
aikaiiHf solution hide BuIwUmoi' reju ts with the rrHiilting (urnwtifm of 
ionisable wilts, the eollagm now Wing ehnrged, in whieh rase 

E would have the same sign a« in the I'ase of tannin. 

If therefore a hide U imtner«*d in a slightly atiil wduiitin of Unnin, 
m the tannin |mnide» apitroat h the suWtantr of the hitle, eli i inral 
neutralisation with the multing oo prei ijjitation of the two toiloah inusit 
follow, 'rids, at'wrding to Procter and WiWtn, is the ftindameiital 
lution of vegetable tanning. Various tannins, however, differ t Itemirally 
from one another, and eonBet|ueiitly all would not piodure tin* same 
value for $ under a fixed si'l t»f ronditionN. The greatest diff* renii* of 
potential between surface layei and hulk of solution will la* found in 
those tannins in which s Itai the grmtwt value. Such lannins would 
combine most rapidly with the hide and form the mofi stable leather, 
bat would not be suited Ibr use ewrepting with hide which had hern 
almost completely tanned. Prcxrtcr and Wilstm suggest that the de- 
termination of * for various tannins would he a useful index of their 
merit. 

'Fhe rate of tanning will im a maximum for a given iiim entralion of 
liquor when tlte {lotenlial differences are of ojqxusite signs and tin* ale 
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solut«< valiH) t»f &trli IH 4 Iiwuimuin. A* the conwntration «t eU-ctrolyU-H 
in the *n»luli«>n h jtu retiM-tl, the |M)tcntial diffnrcncm Ijetwccji th« solu- 
tum and the ft»n«K**n |>iw'*e, and Iwtwvfn tlie wdution and the layer 
muiid the l.miJiii, wdl de. rea-w, tJ»er«<l»y Uwning the rate of tanning; 
hut it tin* t on* r ntt*itmu n( c'lffirolyti « ih increased suthciently, the tanmn 
tnu *t nrc* initatc aU*iic and the mllageii slirink tu a iiaid mass. In 
•dkaluie Hi.luti.iin Intih cfiHuuK hivenegatiwehjuges, and ronsecmently 
will n.it ...iidnne, whiM m the tHcseiice oi lime the negatively charged 
tannm i«»ii< !*• • ar.- n*nUraUst>d fiy calcium inns and a calcium compound 
of the t itinin puc ipitates. 'Hus rcahoinng dears up many points con- 
ecinmg the fum ti ‘n id ai-ids in tan lujiiors, and the important rv/e 
played hy wits m the prcHe *s. Analogmis c'ffec'is may he explained in 
a Niimlai manner m other pnx-essits whu h involve- e-ollmds. 

'ritr Mi»vu.k TiiiaiRV nr (amuiioAi. Ei.kx-troi.vtkh. 

(Compare the summarising iMjMfr hy Me Bam and Salmon, /wm 
Amr. ('Am , Xfu, m, -♦»<* {«‘><>«). ft'«« following account is 

( 'oHotdal eiw'tmlyles aie salts in which an ion tos been replacx-d by 
a heavily hydrated ixily valent niu'elle, exmsisting chiefly of agglomerated 
anions, each mrc'i-lh' c-arrying an etiuivalent sum total olelcKtnal charges 
and condurung electricity as well or even better than the simple icri 
which it replatri. The chief feature of the micelle ut its groat electrical 
iiifihility, wtiifli il wi¥iri*w*» in virtue of the numeroun charges upon it, 
and lit the Mtiir liiiic iii very km meeltonical mobility, which it possesses 
In virtue «if iti great uiais amt hydration, thereby giving rise to marked 
vkewity on ttic imil of the solution. , 

In a meastitc, the pr 0 |HTti.-s of this lomc micelle /PPly ‘o a J 
colloid-i which jmsw even slight e cctrual cliarges. In 
proteins and .oapi at high ecmccntiation, the undissocattd ‘ 

an ordinary colloid while the organic, ion is a mice le. In dilute soap 
solutions, on the other liaml, the undissociated J 

tlia Minple formiik weight and the ions arc alw iimp e. ig 

eUicHrolytic- colloids, characterised 1^ the oxisterice of 
extremely wide, emhmeing 

dyes, indicatc»r«, sulphonates and swps. Iho work referred 

collalxjrators ctxhutlinK over sevorri years and ^on- 

to, deals mainly with tlie properttes of s^p solutions. We shall con 

"'“'SM "C” Suto .» ch.»c..ri.«d 

by iHJssessing high electrical condu^mty. This tto “““J 
to L large extent of something other 

step was to show, hy two indripendent methods, ® ®i 

catalysis and the e.m.f. of the hyrlrogen '“'f t^ooiN. 

ion present was ncgUgihhs, its c-onrwntraticni k-ing y 
lh-n<*(! the high r«»ntiuc-tivity was due to the soap itsell. 

In addition to electrical conductivity 
determinations of the molecular weights of soap solutions have been 
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carried out, the results of which demonstrate that as the soap solutions 
become more dilute there is a gradual transition from colloid to 
crystalloid This refers to the undissociated colloid as well as the 
colloidal anion or micelle A dilute solution of soap is essentially an 
electrolyte like sodium acetate Quite definite and reproducible equili- 
bria are set up between the various constituents, colloid and crystalloid 
The experimental method of determining the concentration of the various 
constituents in any solution consisted in a modification of the dew- 
point method of molecular weight determination first employed by 
Gumming {Trans Chem Soc ^ 95 , 1772 (1909)) Some details of this 
method are given in the next section 

Dew-point Method of Determining the Molecular Weight 
of a Solute 

In connection with soap solutions it is impossible to use the ordinary 
boiling point method owing to the presence of a large amount of air 
which does not escape from the bubbles and therefore by its partial 
pressure, invalidates the results This is a criticism of Krafft’s well- 
known boiling point observations on soap solutions, and equally invalidates 



Smits tensimeter measurements Correct vapour pressure measure- 
ments can be obtained with special precautions 

The dew-point apparatus of McBain is as shown in the Fig 50 {a) 
A highly-polished silver tube with silver bottom is closed with a 
cork at the top Through the cork are inserted a thermometer and two 
tubes through which a rapid current of water is circulated by a pump 
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from and to a thermostat of adjustable tempermure 

held in a cork m a glass vessel which contains the f 30 th^t 

The top of the glass vessel rises an inch or so above the 

the enclosed space is completely immereed in the ^^iTcoVk 

with glass sides Further, a capillary glass tube passes 

holding the silver tube and can be connected vnth f ^““^6 is 

evacuated or the pressure adjusted to any desired value This 

the method » ae Mo»b Wh„ “ 5 ' “ 

cooled by running water through it, just far enough t pouiiibnuni 

the pure water thus formed on the ^ ' rnri^therefore 

with the vapour over the solution The vapour pressure 

he obtained from tables giving the saturated vapour 

a function of temperature But this vapour is ^ 1 ®® “ 

the soap solution, which solution is at a somewhat higher temperature 

namely; that of the transparent thermostat In other words, the difler 

ence of temperature between the silver tube and the ®°^P 

the nse in boilmg point of water, at reduced pressure due to the pr^ 

sence of the solute The rise predicted to a i oN of ^ 

as sugar, according to the familiar v^ 't Hoff formvda RT /., « ® 4^3 

at 90“ C Since the latent heat of vaporisation of ^^^er is greater at 

lower temperatures, and T is less, this nse is ^l^S’^^ly less than the nse 

of o 5010° expected m the ordinary Beckmann ”ie*®d at 100 The 

values of the constant at lower temperatures are f s tolows at 70 O, 

found loT'essential for accurate r^togs /he silver tube was kep 
hmhlv Dohshed but as it was very difficult to detect the first trac® 01 
dimining a portion of the tube was so treated that no dew deposited on 

It, and thus a contrast between polished and Ae 

was obtained The test of dew formation or disapp^rance was the 
formation of a sharp boundary or its vanishing point prodime thn 

effect boding water was run through the silver ‘"b® 
comer of the tube was dipped once mto boiling 

The water evaporated, but thereafter no dew to“ IxSeCent 

the surface to this way the bounday hue m a dew^^t 

ran diagonally across the lowest part of the nr^nared silver tube 

step is to pass practically boihng water through the ptepar^ 

and mserf the latter mto the gto vessel to about ^ cm above *e 

SauThse pressure outside and mside, since the vapour pressure of the 

SiZ n™d«.bl, ^ ,o-, wtach B d,a 

transparent thermostat is adjusted. The ap i 
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clew fcitiiiatitiii tin ift** tin ttnoiin |i 1 1 u 4*1 Imiin H tlir 
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heating ni uHilifi/ till aUfi tiih?, i* iinnr.Mil <*i i« in 141^4 *4<mly 
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411 tflllr* ili.itir \P 4 nf, 

Mcikiti iliiiiri llwl tin* irailt^ 4ir 4* 4tMii a* 4 llifk* 

tiumii elf titiniiniltfin i» ^ihI ni muii r tli^ iiiriii«i«| 

fcprrk! iidi4iit4gri fni nyji nluiini* ih te riii»ii4lii»ii i fni ili# ifaanw 
iilmiely itirnininril. Inn e mn 1 riti4i}«ii$ 1 fil nidiiwii# ihitrci- 

lytn thr tmtluitl 14 Iin4r itfiiunif lluii tin lUi iuMHi* iinllpnl rhti\ 
trmii thr elatn givi rt m niul HntfiaMii . 1 ilih , tin dr nitwimiH 

ineliratrd Im iitiniril ailwtKiii^ nt Kt I fiinl K,4 1 .nr |p t i^rnt ^nii 
d4 pr rriit rr^jwctiirly, whrirn^ i!ir ilrw {iiiiiil gK^r** |M pri 

*f«t niul p} {nn niii fr%jHn iivf lv» m ngm mriii uMih tiir r«%itlt* 
obuintti by thr Mini* iiirthml fur tin* » 411I4U .» iMtiirly 
iiritl 74 t»ri crrit, 

Exfmmmhii ami IkthiJumi /#rw iihm 

M ( !i«irtniimfrd A*#!!/ ih, rmV t Vi hit 

CtimiiiKfHi !% ih at Ian lhi»i ih.ii iiiMih 

lulf cif thr t niirflt \h i#irdrfl tn thr irgnlne Milhiid, iini4 In it^ 

gtiiid a rmidimnr m aii firflm#4ry ion In ukr 11 anglt^ «4*«% tin t!#w. 
pomt^mrthcid 4 iiiw^ dut 4 1 tifitiind ailnlum nl |Mit.ri4tiiit Mrawir 
richitiit^ a rbr of boiliitg ooiiif of rr^o at f|o t Inin* Itn totnl miii 
iriitfaliofi of all iofi*i 40 il i!io|frtdtf4 h» o |iK, Hii** aihitioii tia^i il 
<)0^, ati rcjiiivalrtit roiidiiritvilv ol 114 1 muifiital t*}iiii% llnit of 1 
tiorttiiil 4 f rhitr tndiig ihi %imr OiipialiiOt It h 

rvidrfit that iit ihie t^oiii riifratioo thr Meatnif iritrlino* atnitit two* 
thirds 118 Widl m thr 4 tr|«tttt» and mna, ibrirfoo** In* iri^nrdiil ** a g<«id 
mmlwtm 

Wr fiiivr now to tftiiadrr thr lonif ‘doition of ihi finiallM ion 
prewt. If thr nrgativr 100 wur itti 100 m all tin higli iiifihaiilir 
Wfiiglit rif thf^ tadirk noiild had im lo |#ii dii I Ihai llir *411*4011? 

bnwoMld not rotirliirl wril thr ate fair wiifiiri fifi|i tilitiri *t 
Tfit. imilitliiy of thti ^elraudr niii in 1.0 !» In alwiil f|0 

rrciprmml iittitm Ttiin, with 4 mohilily «tl iKM im iproi 4I f«i Itir 
lotti^wonkl tiiiikr ihr foiidin iiviiv of |Kitii .aiiiti aiMtalr sil 
wh?li dkMiciati<»ri ill riiffnilrir, llMog ilir iradh lli»* * oioriiifiilitiii «l 

tha potwimii U«« w gtvw by '** v t ..K » wjiN. « |twKlb** 

trtut «bsofvetl (*onri*ntrdti»tt <i( < nt*t, <.t ,|jN, within 

the «X|»rin«!tiiftl error «a given by llw ik-w |w*mt. IfrtKr ^vi rjihiiig 
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riiiirtiitf4liciii rt Ihtliolva^ 4m i tpii 4fl#fi llii* tr 4 ill |iy 

tiHirr tlun 4bi«t j |»f^f rriit » 4 IhI itiA> iitgli tinl Im citu pumm 

imtp^nvs 

Tiikiiig llir M « f iml rmiilt, rinii ni mn m o^oioN^ 

Ihe rwimitr4ti«iii *#f hmr% 4 iniwitiirt 

turn «l {o’‘JS tir t$ tjH fm tiy44ll«it|4 tiilut lii^n tfn* K*. 

Ttw tatiil iinili% 4 Miiili*il nmp 1*1 «> « i Him, rf«i 

It #ill tlir tiiidiwif iiilrcl mi|i is in 4*141 liirir slill 

ii o 1 7 * a I J ^ a*©SN r«irt< rtiti4t»«4fi *if * r% 44llaitl lu tir 4r< iiiitiirtl for^ 
iifitl ttir« mwi b* .ifitiiditl amjdr jMliiiihiir urns, mmj Itir hvitotyl 
iiiriH Iwvr kvii filiimii 1*1 b-* cmly 4b4ii © 141 * N Hii- ^4ii$4lt b4ltitim tif 
o’oj, ri 4 Hit*ly tti«* dittfwmr tniwwfi llir K* (©©HNjiiiiti tlir %mph 
IMlmilitti* lom o’osN, w all ihM tan br t ©ilriid M*il iii©fr titan ©««• 
toiirih cif tli« imdiwimtwl palmiiat** iipt itifiir tliaii tlirrt* trigtilti^ cif ili« 
|»tmit 4 tr km mit tir in odioitkl ftaiii If itirrr lir miiiir i»f eicli 
m tint ccilkiitlat form ifn*^ bin iti lir ilivulrd wji b*iwrrit tttf*iii no 41 aot 
to ojccml A tmal of o^o,|N. 

It ii oviclotti that in 0 jN no 4 |i %olinioii tb^ tirrak tlowti of rolloid 
han ptomalnl fatily f 4 r» aiitl Itinhor tliliiottii woiilil loiiijilrtr it We 
thoi have II iit*ai lano of twinitioo trom tolkwkl In rrynialloiiW »t 4 t» 
ilo|M 5 mlmg iipoti the lom olratioo, Hw iraiwiticifi in rrvefiitilt, 

Mifkiuhir tf *Si//i # 1 / 

Ai#i» A* Mi I#/ on l\ 

MoHtm and bii rolklmralorn have ifivr^ligatrd tiy Itir ilrw-jwiiit 
molhotl tt greiit iiiiiidntr of ntirli 1 anen iiivolving jifitannntm m well m 
iodium mlts. For tiurfmnri «*f tllii'itfaliiiii only ilir wntiiiiii wlt% nr© 
referr^ to twro* lltr lim* to biihrig jioinf of itiw *mU% m 11 fainttion 
of confrnlriitioti k itiowii in llw followiitg futile It will tr tibwrv«I 
that the <ktii cover iim|ilti mimcoHokkl iotrtiafirri %m It ah lltr 
right up to th© IwhcimtCt 


TawLM I. Of inmiiio nt loit %imi m tnai li* 
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_ ^ m.DA'M'ci nTT Water _ 



1 1 
Palmitate 

Mynstate 

Laurate 

Capryiate 

Acetate 

0 27 

0 41 

0 50 

0 52 

0 46 
104 

255 

0 29 

0 50 
058 

0 60 

0 56 

0 33 
058 
066 

0 70 
068 

035 

077 

I 04 

I 28 

093 

I 74 


The results giverr rn Xfaliro two classes Prom 

characteristics It r the behaviour is regular, showing 

the acetate up to the jaurate upwards the curve 

dissociation On the other an , calculated solute content) passes 
representing nse of boihng p ( about i noimal, and a minimum 

ttaough a pronounced maximum pomt 

SlUe™l vapour normal is hardly 

a soluS.^i ^NSum ®tearate ^ '^ithTiiSy s£ped^ ?urvJ 
hand, 2 oN pot^sium l^??^%®f“the curve is thus due to the 
B a clear oily liquid ^ue to mechanical effects, 

constituents in the ^ce or other changes of state The 

gel formation, skins on t ’ j.j^g m the dehydration 

effect IS also not due to ^ge or method of Preparation 

of certam gels, for it is mdependert of toe g^^^ previously added 

■of the soap solution or whether wa 7 ^ existence of the 

S «ken .™y It >» “'eh,Lt,on of the coUoAl 

, minimum m the boiling poin ^^a^ntity of solvent which effectively 

constituents, thereby j ^gs a. diminished nse m the boiling 

dilutes the solution and thus p t ^ould nse steadily all the 

point Were it not for this, the boiling pom 

way with increase in Colloid present equals at least 15 

In I oN Solutions ^ 9° ^ „,Uy the whole in the c^e 

percent off rapidly with Dilution -Isx th^ 

of the Higher Soafs, the^ concentrations of the total 

preceding table have ^ solutions, namely, the sodium 

crystalloidal matter m any one of toe ar^a the simple 

ion, the simple soap ion, ^ p McBam next proceeds to 

undissociated soap molecules, si^to ^ r g^dium ions, 

calculate the concentratmn of to rnoment we assume that the 


tie metallic luua, 

For the moment we ^^sume 

Dy conuucLiviu^r atinns aic sensibly ideniicai 

ion activities and ionic ^oncen solution the values 

calculate the concentration ^ ^^ve radicles are behenate to 
taken for the mobilities f *^g”g"S!^y^aproate, 98. acetate, xx6, 
laurate, 90, caprate, 92, capryiate, 94, f 
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ami for wilmiii, i (9, Tlu* mmiIh iif (hr laluiUixHi .irr ^tvin m 

Ta'II til ' fwi H( nonH M Ik'i-* fi J4*i i<. 4) tp,'’ {,• 

I W iiffii ' 

I NimrSliiv ; j 4,,„„ . 
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Hv Hiilttritflmij liir intro‘<tMittiliiu' ^aliir-. of laltl** III ftnin thtir 
Ilf Tubli'II., wpatrivi* at tli.< vain* ■.of . iv.ulloiifal «omittni-iiiH cithrr 
than the VKiimn hhih, 'Ilwi i- w*- olnam tJir v tln*-4 of if,,, simnir sawn 
nniouM toKrthjrr with t»,r -.mipl,. ttinh •«« wt. il mhj, moln nlA whete 
auch I'xN. Th«"«* an* «''**» '» i*'*' following lal.ln 

Taat^N IV, C «*M, iFMtNA I or (Vv4,4t 1 r.i,. CovHfooaMra oi,,»n ,i,a„ 

homi’M l*iN4 *1 fM C 


Hfniwalin 
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n‘ii 

ff III 

It III 1 


U* Iff 

ti 1 f 

#■# j 

wn 


n It 

If 4 I 1 1 

t’li 

n 

t) 

♦ »' Ht j 



if'it 


. * 



1 


fhd (Uta givan in if»»’ atiovd ro|,rr4(<nt aiiiipir or^anit* hmi and 
aimple molmiln of thn umliiwirkipd -wMp. lly anhirai thp.4,. valua 
from the ft|>jmmnt normality of tli*. Mitlttnon an giwn m tfir. |Jr»i ('oUintn, 
we crtJiain a quantity whie h mu^t n-prrirnt ihr . olloidiil jvirl of tlw 

iOftfi* €0 H#i< 1 uf itii riiilciicW 

“Rll”******' 'l‘h*' valuri are giteii m the following 

TaWiK Vr ti|f IV1141 CiM i tiiii in I«i4i f %ii iifiiipi 

41 i\ 
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n*t»i 
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fl*s 

Cl* in 

n*sH 

M'rf4 
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♦1*17 

«■«, j 


n 41 
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rr^i 
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^ II is In rnrisitlrr thm vmliditi *if iln^ iwitntic 

witli €0iidii€lifily iktoi li ti iifidl#ittitffllf liiit ttwi ilir ntiitnttc 
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a.es »e ,00 tagb, prcumably, » *Y'’LT.o°'Slu^rfrLl‘a» 
pdntion of the .olote Ttas U,= SS by” o *o '“3 

rr=rTrof™«b— 

hould be in such cases where Turp-Rain considers that the correc- 
lystem consequently of the actual great viscosity 

aon for viscosity is not a large o , ? , . solution of an electrolyte, 

^hich IS due to aggregates mobility of ions 

Mid we know from Lodge’s original d®temii^^ons ^ the 

in a let jelly m nirrir Jn the cise of the 

mobility IS very little less than that 1 p q exceed that of water 

acetates the viscosities of normal solutions at 18 C exceeu ^ ^ 

by 26 per cent Although this wou conductivity and osmotic 

ample to account for the divergence , , contnbute their share 

effect, butprobably both viscosity and hyd ^ ^ ^ different 

It m^y be pointed out that the the case con- 

kinds of measurement, . -.Jeredin (Chap VIII ) deal- 

sidered is in the opposite sense o found that the activity of 

mg with strong electrolytes, in ^ j their concentration 

the 10ns, as shown by the osmotic activity 

as shown by conductivity In p ^ ^ jy ^^gnlts too small, for 
observed is certainly too great and the conductiv 

the reasons cited And yet in co sodium and potas- 

soaps the osmotic effect is not e o for 

Slum 10ns alone as deduced from H and m ^^ich lead 

sodium stearate and palmitate at i 5 these cases in Table IV 

to negative and therefore iinpossib e va sodium stearate 

Eefemng to Table V it will be VS,™ lamlte the colloid con- 
and palmitate, and also in the case 0 p correction just dis- 
tent is greater than it could possibly The obvious course IS to 

cussed would operate in the J ooncentration of sodium ions 

admit that the basis of calculat micelle has a 

m concentrated solutions is oo reaprocal ohms at 

mobility even higher ^ 

90“ C To reconcile the data for i som ^ 

to assume for the micelle a mo 1 effected by dimmish- 

potassium ion, 188 reaprocal ohm ^aned continuously 

fng hydration, giving the micelle a mobiuty wna- 

and considerably with concentration ffom 

Passing to the normal '^Cd. In ^pmte only iS per 

caprate upwards these solutions co ^garate 91 per cent is colloid 
of falls off steadily with decrease in 

concentration 
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Wlitil lu»*lferii r Mf, 4 ^* iiititflf tl iii tlr l 4 ltli»t rflrmly 

givnii k thf* lotil * itl 4ii«l if| 44lliii<k !»*• 

senl. Tlif twti t‘» lo it.« i* tin mmm 

cry^tiilldcl iiftf! iwfiitiv, iciii, Miiijilr 

uiicImrMiiitftl ^iwiplr ul ttir #iiitl iiiiili *fi«ifiated 

wrytriil tfilliyd A |iirliiyift4f| 4ilriti}if in nidiif-' list. |iffilitea 

hw liuidr by Mi lliiin mi tlir b4**i*i id u ti 4 iii timiiiipiimH, Ho 

drtiiik iiml hr i^Hi*n in tltn pUrr If n rvnlrni Ilt 4 l ftifiliri iiivmlip. 
Iic«i Will rvriitiwil!) wilvr tbr riultii iti a Imiit It inty ^ 

hnwrvrr, tfi 4 i 41 itu* tmit il to 
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magnitude of the charge far as^is known 

discussed m the chaptei on c -vorae exhibited by a colloid has 
there are many cases m whic g evident that we would 

this ongin In applying i ^ ^ furnish sufficient 

have to assume large hydrolysis o P.^^ sufficient quantity, will 

hydroxyl ions, which, y ^ colloid mdividual to account 

confer the necessary involve m turn the production of 

for the conductivity ^his would inv^e m^^ 
a considerable amount of free ^^issoc ^P 

the free hydrox^ ions ^SfLe state in the presence 

however, that palmitic aci alkali characteristic of these solutions 

SrrwStd » rac. McB.» a»bs»«s 

tht AmmUim micelle hes the 

,S.mphon al^y,»^ “ “ ” .to mamly, theegh »■« 

composition (P)* ^ very high concentration, this 

entirely, to the yH^O This transition takes place 

form being represented ^^y^^ As regards the con- 

OTa the intermediate form gS[aP)*(P)« tablished that the higher 

ductmty results, it has been defmitely 

soaps in solution, ^01 or o aN solutions 

present, exhibit SuSvity rises appreciably up to 

In higher concentrations the co^du^ /observed This is direct 
o sN or N solutions better conductor than the simple 

emdence that the ionic ® ‘^j/fSng oflf m very concentrated 

anion which it replaces u „„ dissoaation of the salt as a whole 

solutions IS due to the ^ that the rise m boilmg point or 

It has already been „„b a local maximum at i oN 

lowermg m vapour pressure pas ^^^^^^^^ g ^^gg^eiahon of the coUoi^dal 
Diminishmg hydration ® ^ect, and it therefore fa^ 

•.S “ ““““ 

with inaease m concentotion ®y°“ , water becoimng scarce, for 

The diminishing ^ration o is greater than th^ 

the fact that the vapour P«ssme of a 5 available in the r 5 N 

of a r oN solution me^s ^^t /ate ^ater ^s 

case The hydration bemg le^ be explained by alteration m the 
very active and available, c /g-gnted by an increasing proportion 

formula of the rmcelle such as « for this is afforded by 

of undissociated the potassium and sodium soaps 

the divergence in behaviour be micelle in each is the same, 

Th,i cato be ..adJ, ^ “S <»=c».mu™ B« 

as It would be if formula (i) ^ u) it will contain potassium 

if the micelle is represented by formula 
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%tm|t lllflirillll** III «»lt^ *4 » 4 I|«| 4 HlH}ill sMp 111 flu ritllff 

fill lililt 4 flillilinir ill ikjI '||ir ii 4 li||t pf 

tint diffigrtii r iril l«i i * ftn*! tin |w44 iiiiii ^ri i filltiidtl 

Ilian m^pn M lln* nitdinn^ 

dmmmmm A*»#/n /*i# i#* ^ 4*i/4 14 * 

iln*#* »u|i. mil f,iM If %f by 

Cfolilviimitit aiiii Ittwaiiaiiii at imii I ,V;/ ^ i *f!l 4% tif 

Mrlilifl iiriil In* rrill4l4if.4f*i| 1 I ik< tin* umlimn llitv rynlitt 

kirlf fligh laiiilin wlinh in ibu n*! r* « 4iiti«4 !« jMi.’ijblvin 
|irndiiilsnf liv<!rnlv»a% Inr aiiiiii.'an.i h 4 Udih f|i^»if4in \|| iiti*%|* 
wlutitiiw air apfiirrialilv dn i* ulumu b% tlir iftcir 444 i| ^ 

rntifliirtivity raitwcl hv adilitnai nf t^%***u *^4 aiiiiiiMin 1, I'liDii/li n h ^ 
|i 0 cir rfimlniini, 'fhr^i ran In intriiwHird an ^htmmu ilm itiii 

ilttijiln fatty inn f^m^ting in tinm ibbtf^ dilutium i- npUml m 

itmng#*i wlttiicMw liv an ninit itn* wiiirli i § u hi lU i t inr 
/#! fi/b’Skf/r fkf tinJrm p $i fdfi tm rn^rr J/n/nV IMitim §f 

Elftirttiftm rnttf /-r /4ir iykJi*iimg 

wtmf/p /{y iAif J^iVf /A# / #/ M/r/ #» im /im 

w 4 ly «lf tiytii ttinn iht^ M nl tin* mi* « Hu 1** m* it and 

with tl thr nnndmmity. ! Im linving tun k i 4 iliu thuui* 1 iimn nl thr wap, 
which alw iinnmiunr'i drlndfalmii nmcl-i nlnnnidy in clnnnv the 
cmiciurtiirity. Therr m alai the jirHalnlity nf 4 imne nindlr 

Ixdiig formed, rniitiiniiig Imth \iU^ mbmlird m iiiiinl. The firmni 
Imck «if dm*»m iatKifi, if rariittl fcn riiniigh, giv# im in ttir kitiilkr 
wltiiig nut idfrct. 

# 4 / /im* n werr J 4 ^i%| 1/ #1 #1^#/ fMmi/J 

iAm 11/ hrnm ih w' pmiii iiici tifrim it 1411 be 

concludnl tlut ihr 4|i|atff nt n%mnfiu Hbn f h i# ktivcly innirwliat gi eater 
al lower tf^nficritturim, but ttiin jmmt imjiiin innrf drbnied iiivnlh 
gitlon. In ccitiiiert inn With ricilru 1! inntfnrfniH Hie tri| high tntn 
peralurr coeffidimt nliiicrvrd may Ir 44 rib d in iliimmiiinfi id tiyclmiitift 
tlic icfit|ii$mliiri Tim ci utmtiglf ^ii|f|>ifti*il by ifir gr^t 

incrcMc in wimmitf wiih Inwnmg nf tnnp raitiir wtinti tw^ lrt‘ii 
itwmuredi !iy F. Onltbcliruiilf 

4/' 4 / In 

1. the data far a niiintirr nf ^mlmm nn'ifw were gifeti ntet 4 nifulrrate 
cnncintratinii^ rangn In the fnllnwliig fatilr arc givrii tlir i#%iilt»af 
nli»f? 4 ti«ni iti die mm* nf Hndluiii jialmitittc tip tti !y Wgh 

enneentratiort* tl il : 
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' 4 1,4m I Hiii iil tii# !»i*»i fMltlliifi ll*l%« ll« 

.*^t% iM 1^441, ih If flit* liiwrntii? 


firm* ^ - • . li I 

LjIh Iwttmv | 4 i 4 #|w,»tH.ioU IS* lilM ht fioiiiulitv. It will t«* 

oZ^Ll\ III** *’•*■• ’* •» '"'>' ’■' ' !■•' •»«' •« »'•' "' »**•'»' 

Ms .’) < ^ Ah,s. \S, lluil i*., lb»*u* 1% 

IIM%I!«W»1 ‘-t IK'I'IIMHII mi ' *,1*1 mu.i.w.i uiMitmtiiul «l 

*^ /*^ /ivfi ! ->- ’f 1 ■“ ’.• J's «»♦»•/ tn,h>*h‘>‘ win (>t Kxf'htimd 

.y u, l» !it4 I'lv til IkSmiv th« (Iiy ul till- 

Irhniitid "< ’‘‘I' "If’ tin «>->' <« ‘il int U h1u>b lh»* 

injibwoH * I*"' ''!'»• ’ •«««• .u»i iiljtab 

iir«««m'» 1 , 1 1 *>'' itt'i U<* 111 , ,i. »< wualil i i t in liiid in 

111 Uh’H *»’*'■'' iUnii».«l i unciu. Ii.iiv •ni'M.img with 

fit'fit It lit I . 

Thf! »m»li '»l khI H.Mris -thi-ulv iii’,<H'tMil rtt .tmut length 

in 4 nnther 1 nniie. turn iixMihiuie -iimhlHU .e* will >u the work ol 
BuyHiii f/**! **'•*’ •*“ l't‘ ''“'f*' "* ted IS 

ranMdrrdiU. inn dor. o-n .s‘"^d Iha ol ,* . 11 . 11 . 1 . . 10 .. ele. Itolytt*. 
OotH« othu hind i«»' .-.odwt.sii. u tiite*i e.t-illy high, ii..ing iie-irly 
emul to th 4 i of .«inno * l.'-.i.h I esi .ling d lU lor other dyes and 

indkati.f ..re »f a ondJ'' **”' ‘'*'- 

wuntrfe.1 in do |MHi.nUily ... .onit..tioii tsid' ti»’ “omel.mfs 

ewffinmis rife. I .«f i.eniral alK 4i* i<> l« as. nliid j.iolwhly to n dm- 
turhanie id ih* r(|i»hl.m l«tw««o < ‘>l'o«l fOid 1 tysulloid, and hetitr 
Mwcen die V4.IOU1 |»".d4e ..vi4i;im loiiin o( the mdiealor. 
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with estrrnie ra|.aiity, I'tns very «»»•«* , ’ . he 

Httl is to Im- etjieiied i«i the Iwsw of mass 
equilibriMn. lietwrrii aihumln and its ‘ 

thfi nueelle is dnavaUnt. then, dewamg the allmnntt tadiil. by A ami 
nealeeting hydiation, the e<|midaiuin lan m- ie|ni s. iite(i tty 
ti A*'" « lot I ” AH,„i'li.i. 

In this lasii the ttininalioii wo.dd d« \f nd iijuai lt«' *' ’*,**! *’‘’'^' * 
dtinrtne ion eoiif.inliatutti, »» that dirtd.hng lUt; »oi « 

Vttl.. tl. .*2 
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CHAPTER XII 


Systems not m equilibrium f ^ ptets u 

•I*®"'®-" ""'““'™ 

Chemical Affinity 

W. now piss on to the qnestton fo,S ra’ita^'be- 

„e„t Th»con«phonof ,. sctence, bnt ont.1 

tween portions of matter is one .u.^„re definition It evaded 

recently it never got beyond ^ S attemots were made fa this direc- 

quantitative measurements, althoug P q rg and Wa^e 

tion by Berzelius, Mitscherlich Wilhelmy <^uia ^ 

What at first sight appears to be the rnost be re- 

that the s_pe.d of reaction gives a ,ea?rn velocity is on a 

tamed when we remember vroo^ss\tse\f, e g 

variety of circumstances, ^““^ccesLl solution of the problem 

the presence of catalysts T nursue it It was really 

IS due to Helmholtz, but ^elm o d P conclusion that 

rediscovered by van t affinity between substances 

THE ONLY TRUE MEASURE CHEM SUBSTANCES 

WHICH MANIFESTS ITSELF BY CHEMIC MAXIMUM EXTERNAL WORK 

ARE BROUGHT INTO CONTACT IS GIVEN ^ OR PRACTICALLY CONSTANT 

at CONSTANT TEMPERATURE AND A 

VOLUME WHICH IS DONE BY THE SYSTEM oTION, * « THE EQUI- 

STATE TO THE STATE FINALLY , mvolve a volume change we 

LIBRIUM POINT Note, for ^ 

subtract or add the wmk term , r^vsical illustration of a “ re- 

mams is the affinity To take a p P change Suppose two 
action” which involves practically no volume cnang 

™ixv (Hrstoncal Note) 

solvent being given bom Ine to the other, this being calcul- 

Sie for ?he“Sle wse,®y tlie vapour pressures according to the equation 

f - f viA 

OfW J p 

was first given by Helmholtz (see two distinguished as 

WusenschaftzuBerhn,im In his own words - 3 i® 
the force with which the water of the solution is attracted , 
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vessels containing aqueous solutions of salt at two different concentra- 
tions and q {q > q) are brought into contact Will any diffusion 
occur ? On van Hoff’s idea we would say yes, provided external work 
can be done by the system in the process Evidently, if we transport 
I mole of salt from the greater concentration to the less, positive work 
will be done by the system amounting in the most favourable case, i e, 
as a maximum limit, to the expression — 

RT log - per mole diffused. 

^2 

Hence we would expect the change to be a diffusion from strong to 
weak, where<ri>^2, and such is, of course, the actual case Further, 
the above expression shows that when q = q there is no nett work 
gained or lost by transfernng i mole from one vessel to the other at 
constant temperature But this is a definition of the equilibrium point, 
and hence equilibrium should be reached when the concentrations are 
identical Such is actually the case It will thus be seen, how, in this 
example, van ’t Hoffs idea of maximum work as a measure of affinity 
or tendency to react fits the facts well It might be pointed out (for 
reasons to be given shortly) that practically no heat effects take place in 
the above case Van ’t Hoff’s view as to the real cause of a reaction 
was not universally accepted at first 

As long ago as 1854 another view, and at first sight a plausible one, 
had been put forward by Thomsen, and later, in 1867, was supported 
by Marcelin Berthelot, who considered the heat effect as being the de- 
termining factor This is known cunously as the principle of maximum 
work This principle was a very simple one, since it stated merely that 
the heat which is developed by a chemical change indicates the direction 
in which a change will proceed , when the possibility of evolution of 
heat exists, then the reaction will proceed in such a direction as to bring 
this about Take, for example, hydrogen and oxygen gas Two grams 
of the former with 16 grams of the latter will develop 69,000 calories, 
when uniting to form water The pnnciple just referred to sees in this 
heat development the cause of the formation of the water, which as we 
know takes place when the mixture of the two gases is ignited Con- 
versely, if we consider nitrogen and chlorine we find that by their union 
no heat is developed , on the contrary heat is absorbed So here, in- 
stead of the union of the elements, the tendency is towards the decom- 
position of the compound When the union has been achieved by 
indirect means the decomposition can be brought about by the slightest 
shock For many years this was a fundamental pnnciple of thermo- 
chemistry, and many facts were known to support it In spite of this 
It IS not difficult to furnish examples of cases in which chemical changes 
take place with the absorption of heat ^ Freezing mixtures, like that of 

^ The lack of the validity of the Thomsen-Berthelot principle is shown when 
one applies thermodynamics to chemical problems Horstman, i86g (Ostwald’s 
Klasstker)^ was the first to show the way of applying these thermodynamical prin- 
ciples A few years later Lord Rayleigh {Proc Roy Inst , 7, 386, 1875) questioned 
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hydrochloric acid and Glauber's salt, whose operation depends on the 
accomplishment of a chemical leaction thus— 

NaaSOiioHP + HCl -> sNaCl + 10H2O + H2SO4 
reallv contradict the pnnaple of Berthelot Further, the majonty of 
reacLns proceed only to a certain limit, this being true of all reactions 
m homogeneous systems (gas or solution) Thus let us bring equivalent 
Quantities of gaseous hydrochloric acid and ammonia mto a given sp , 
a pTrt 5 tSe gases will unite to form solid ammonium chloride, and the 
production of this salt will extend to the pomt corresponding ^ ^ts dis- 
Lciation pressure at the given temperature On the other hand, let us 
bring “ sohd ’’ ammonium chlonde into a given space the same tern- 
Sure dissociation takes place, * . the substance which was formed 
m the first case is decomposed in the second But in the first case 
we are dealing with an exothermic reaction , in the second case with an 
endothermic one Berthelot’s principle postulates the existence of ex- 
odiermic reactions only In general, therefore, every single ^stance 
of reversible reaction is sufficient to disprove the 

Berthelot’s pnnciple Further instances ”“ay be cited Sugose^we 
irp and water in contact with one another at o C/ , 
there is no tendency for either to increase at the expense of Ae other, 

S they are in equihbnum The experimental fact that at the e^di- 
hriiim noint then vapour pressures are identical is thus in a^eement 
with tlm van’t Hoff definition of affinity On the other hand, a ve^ 

small, but me reacuon On the other hand, the vapour 

pSssS2nT<Semnt (or the osmotic pressures which are related to 

^ - -h - -P^ would lead one on van ’t Hoff’s 
the vapour pressures thus, P ^ ^ ) 

compound like phosphonium ^ Aseous PH, and HCl with a 

decompose at ordinal ternperaur ^ Composition products of this 
marked absorption of heat Yetjhe decomposino p ^ 

compound may eirerase a pressu^ ^ accomplishing work does not 

we have a case where and vet where it is obviously 

S^SS>«^^d“S^'.b.oh'' controls 'the techon of the change” 

systems by Helmholtz m 1882* 
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(van ’t Hoff) The expression “ maximum work ’’ was, howevei, fortun- 
ately chosen by Berlhelot, since the correct principle for the prediction 
of a leactioa must connect the possibility of the change with the possi- 
bility of a concomitant accomplishment of work In order to ascertain 
the change of free energy or the amount of external work done, which is 
associated with a chemical reaction, we must cause the reaction to occur 
isothermally and reversibly , and thereby we can obtain directly the de- 
sired information respecting the amount of maximum external work 
which can be obtained from the chemical change Let us suppose that 
under the conditions described, the change may occur in any one ot 
several ways , even then the change in free energy would always be the 
same For otherwise we could complete the change in one way, and 
then we could come back by the other, and thus we could establish a 
reversible isotJwrmal cyclic process by means of which any arbitrary 
amount of external work could be performed at the cost of the heat of 
the environment But this is perpetual motion, and contrary to the 
Second Law of Thermodynamics, and thus we obtain the theorem — 
The change of the free energy of a chemical process ts independent of the 
way in which the change is completed as long as it is remrsible^ and is 
determined solely by the initial and final states of the system 

We are thus at liberty to make measurements of work by quite 
different methods applicable to different cases, and consider the results 
as comparable, provided only that each single process be a reversible 
isothermal one We have already seen that for practical purposes there 
are two methods of measuring external work which are m frequent use 
(i) from vapour pressure determinations or the equivalent osmotic 

pressure in the case of solutions, using the three-stage work term J” vdp 

per gram-mole transferred, and (2) electromotive force measurements 
Let us take an example of how affinity can be measured by means 
of vapour pressure data Well-known instances are the formation of 
hydrated copper sulphate, i e the affinity of copper sulphate for water , 
ferric chloride hydration , sulphuric acid and water Let us take the 
latter case and suppose the question is What is the affinity of water 
for concentrated sulphunc acid at the temperature T, given that is 
the vapour pressure over pure water and px is the vapour pressure of 
water vapour over concentrated sulphuric acid ? 

The answer is that the affinity “ A ’’ of the water for the acid is 

r/'o 

vdpy and if the gas law is obeyed — 

A = RT log£« 

P\ 

One may note in passing that if we could get absolutely anhydrous 
sulphunc acid/i ” ® ~ “ 00, or A — 4- cc ^i e the affinity 



343 


CHEMICAL AFFINITY 

of the reaction would be infinitely great As a matter of fact, such a 
state of things is unrealisable experimentally O 

Again take the case of the substances represented by CuSOt^HsO 
We know that below a certain temperature called the transition point 
CuSOi 5 H2O IS a stable crystalline solid Above a certain me 

It melts, giving a saturated aqueous solution ofCuS04, 3H2U. 
thus have the reaction — 

CUSO4 SH2O CUSO4 3H2O + 2H2O 

V— — — v' ' — 

Above the transition pomt the reaction occms from left to right 
There must therefore be a positive tendency or afiSnity in this direction, 
and hence in order to make the affinity term positive the vapoui pressure 
of the water over the pentahydrate above its transition point mus e 
greater than the vapour pressure of the water over the saturated tr - 
hydrate solution, and this has been experimentally verified In general, 
when dealing with transitions from unstable to stable phases, the vapour 
pressure of a given compound over the unstable phase is always 
SaJ its vapour pressure over the stable phase, this as a matter of fact 
being the cLe of the change Below the JP°”r 

nressure of water on the saturated [CUSO4 3H2O + 2H2OJ is grea 
Iffian that over the crystallme pentahydrate and the direction of chemical 
(ffiange is reversed Note that you must always in such mstances of 
transition take into account the whole system on either side of the 
equation In the simple case considered we were only deahng wi h 
transfer of a single substance (say, water) from an initial to a final state, 
the reaction being carried out by this transfer In general, however, 
we h^ve to deal wiffi the simultaneous reaction of two or more substan^ 
which give nse to new substances, eg. 2H2 + O2 - i^e 

tions winch are characterised by the existence of an equilibrium point 
and an equilibrium constant, i e reactions occurring in gaseous mixtures 
or in solutions, the expression for the work of transforming certain 
amounts of the reactants (at a given Xtra^ 

tration) into resultants at the 5 ^“® XherX*”- 
pressure, or concentration, is evidently the van’t Hoff isotherm, Z'ra 

A = RT log K - RTSv log C 

If we are going to measure affinity by maxiimm ^e 

btew.« »prese:>Mg the 

considered The formula shows directly that when the 

terns oceumeg mthe Jog Cate 

the eauilibrmm concentration terms, A — o, z the am ty 
one would expect In fact, the farther the Th^ S- 

of theirs 

A, Pousot, Comptes Rendus, 1301 829 (19°®] 
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constant in the deteimmation of affinity measurements Note An 
expression such as ‘‘ the affinity of oxygen for hydrogen ’’ by itself means 
nothing at all until we specify the concentration of the reactants and the 
concentration of the resultants which we are aiming at, and the tem- 
perature 

There is one special case to be noted Suppose we start with sub- 
stances at unit concentration and end with substances also at unit 
concentration (te \ mole of each per liter, which would hold equally 
for gases or solutions, or, say, at i atmosphere pressure of each, which 
would apply to gases only), then the arbitiary concentration terms are 
each unity, and since the log of unity is zero, the expression for the 
affinity becomes — 

A - RT log K 

The thermodynamic significance of the equilibrium constant is there- 
fore this Its logarithm is proportional to the maximum woik involved 
in any given reaction in which we start with the reactants at unit 
concentration and end up with the resultants also at unit concentration 

Jllustrahons of the Measurement of Ajfimty by the Maximum Work 

produced by the Reaction [Cf Sackur’s Chemische Affimtat und 

ihre Messung, Die Wissenschaft Series ) 

Let us first consider an instance of Homogeneous Gaseous reac- 
tions The affinity is given by the expression — 

A = RT log K - RTSv log C 

Affinity must be specified with regard to the number of molecules of 
a given species taking part m the reaction If we consider twice the 
number of molecules the affinity is doubled, and so on Take as a 
special case the affinity of hydrogen and iodine gases for one another at 
a given temperature If K is the equilibrium constant and [H2] [Ig] 
represent the arbitrary concentration of the two substances in the initial 
state, and [HI] the final concentration of the hydriodic acid reached, 
then the affinity of the process H2 4 - I2 2 HI per mole of hydrogen or 
iodine is^ — 

A-RTIogK-ETHjm, 

V. T. 

where K = 7^ — • 

Suppose the initial arbitrarily chosen concentration of hydrogen and 
lodme IS unity, and the concentration of the hydi iodic acid is also to 
reach unity, then the affinity of the reaction under these conditions is 
simply — 

A = RT log K 

This case will now be illustrated 

A series of equilibnum constants at various temperatures have been 
calculated by Haber from Bodenstein’s data and are given m Chap III 
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Vol I At 300° C (S73° abs ) the value of K which we require, 
IS (8 9)2 = 80 approx The affinity per mole of 


namely 


4(1 - 


hydrogen or iodine — 

=- ^ ^ 573 gQ — 4 . ^ooo calories approx 

04343 

Again at the temperature 500° C (773 abs ) K - 4J 
Hence, under the particular conditions of concentration chosen, tne 

affinity is given by — 

2 X 773 


A 


‘logio4i = + 5760 calories 


04343 

It IS interesting to note that the heat evolved m the reaction is 
small, vt% 2800 calories approx It is an example of where the 

Berthelot principle breaks down ^ t v 

Another interesting case is tlm affinity of oxygen for hydrogen 
Nernst and v Wartenberg have shown that at 1000 abs the degree ot 
dissociation of water vapour at i atmosphere pressure is 3 o x 10 per 
cent That is, the fractional amount of i molecule of water dissociated 
according to the equation HgO + -^02 is 3 o x 10 There are 

therefore present m equilibnum at this temperature and pressure 

3 o X lo-T moles of hydrogen and ^ moles of oxygen for every 

mole of water (neglecting the actual decrease m water molecules, since 
the dissociation is so extremely small) For the equilibrium constant 
in terms of partial pressures (the equilibrium concentration being de- 
noted by the suffix c) we have therefore — 


K = 


^^eH2 ^ .^gOg 9 ^ 


^~14 


X 10 


,~7 




-= I 3S X 10' 


-20 


This is the dissociation constant of water vapour under the given 
conditions of temperature and pressure The reaction we are conside^ 
ing IS just the reverse of this, namely, 2H2 + O2 2H2O, and we wish 
to find what the affinity of oxygen for hydrogen is, both being at i 
atmosphere pressure (in separate vessels) at 1000° abs , the reaction to 
take place so that the water vapour formed will finally be at i atmo- 
sphere pressure, also at 1000° abs The expression per mole of oxygen 

is given by — ^ , 

A = RT log K' ~ RTSv log/, 

K' being the reciprocal of K We can thus write A in the form 


A = RT log 


<a2 

y eHoO nni 1 x 




- RT log 


H20 


^ ^03 


The arbitrarily chosen values denoted by /h^o have all been 

taken to be unity (at i atmosphere each), so that A reduces to 
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where log C refers to the concentiations of the mturated vapours of 
reactants and resultant, and K is the equilibrium constant of the reac- 
tion 2H2 + O2 = 2H2O, tn the entirely gaseous state 

It IS very important to realise that the afifinity of the condensed 
substances is measured by an expression which involves the concentra- 
tions of the saturated vapours together with the equilibrium constant 
characteristic of the same reaction in the gaseous state This conclusion 
depends upon the assumption that the pressure or concentration of a 
saturated vapour is a true measure of the reactivity of the condensed 
substance The above expression is of great impoitance foi it allows 
us to calculate the affinity of condensed reactions from measurements 
made upon the substances in the gaseous state This point will be 
referred to again m discussing the application of Nernst’s Heat Theorem 
to gaseous reactions 


Formation of Salts containing Water of Crystallisation 

The case which we shall consider is the affinity of ice ^ at 0° C 
for various salts, some partially hydrated, others anhydrous (cf Schottky, 
Zeitsch physik Chem , 64 , 422, 1908) One mole of water is vaporised 
from the ice, its pressure altered to that in equilibrium with the salt, 
and then the vapour is imagined to be compressed into the salt The 
process is simply the familiar three-stage distillation, the maximum work 
or affinity being — 

A = RT logx- 

A 


Assuming that the vapour obeys the gas laws, /o is the vapour pressure 
over ice, and/i is the pressure of water vapour in equilibrium with the 
salt It has already been pointed out in the Phase Rule chapter, that 
in the case of dissociating salts such as CUSO4 5H2O CuSO^, 
3H2O + 2H2O, the dissociation pressure of the pentahydrate can be 
taken, as far as affinity is concerned, as likewise the equilibrium vapour 
piessure h of the trihydrate, since both these salts are necessarily 
present to fix the equilibrium Taking the above case as an example, 


therefore, the expression RT log-^ measures the affinity of ice for the 


trihydrate CUSO4 3H2O A series of vapour pressure measurements, 
by means of the Bremer Frowein tensimeter for example, are therefore 
sufficient to allow one to calculate (say, in calories) the affinity of the 
reaction At the same time it is interesting to compare the heat 


evolved or absorbed by the same reaction Thomsen has carried out 
a long senes of such measurements on the heat of the reaction between 
liquid water and various salts (see Thomsen’s Thermochemistry, trans- 
lated by Miss K A Burke Ramsay series) In passing from ice to 
liquid water, 80 caloiies per gram, or 1440 calories per gram-mole are 


1 Strictly one cannot speak of the affinity of a substance but of the affinity of a 
process 
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calcium carbonate, i e the pressure of carbon dioxide in equilibrium 
with lime and calcium carbonate at the same temperature, is/i, the 
affinity of the reaction per mole is — 

A = RTlog^V 

assuming that the carbon dioxide obeys the gas law If the gas reser- 
voir IS at atmospheric pressure /o = A = - RT log pi 1 his 

IS the affinity of carbon dioxide at atmosphenc pressure, and at tempera- 
ture T, for lime at the same temperature Since is less than unity 
up to fairly high temperatures, this expression for A is a positive quan- 
tity That is, if carbon dioxide at one atmosphere, and at ordinary 
temperatures, be brought into contact with lime, the affinity is positive, 
and the leaction resulting in the formation of calcium carbonate will 
proceed If the temperature and pressure values are such that A is 
negative, this means that the affinity is negative, and therefore the re- 
verse action will take place, namely, the dissociation of the carbonate 


Affinity of Oxygen for Metals 

One of the most important cases in which one wishes to measure the 
affinity is that of the oxidation of metals by oxygen gas In general 
the reaction — 

aMe 4- O 2 = zMeO 

does not go completely but reaches an equilibrium The metallic 
oxide possesses a certain decomposition pressure at each given tempera- 
ture, but this is small and extremely difficult to measure The affinity 
of metal for oxygen dt any given pressure can be determined by reducing 


1 The expression A = RT log is, of course, only a special case of the van 't 

Hoff isotherm The reaction considered is COg + CaO CaCOg The equilibrium 
constant K at temperature T 

Ctfcacos 
CecOi X Cecao 

the term C, denoting the equilibrium concentration of the given substance 
vapour state (in contact with the solids) The tram ‘"•“s ‘9 

pressure term A ^e wish to find what the affinity of the reaction is (per 
&Os) when carbon dioxide at a pressure (corresponding to a 

acts wth lime, the end products being in equilibrium, that is possessing the values 
Cecacoa, C.C02, C,oao The tram RTSu log C is thus RT log - 


and hence 


» RT log 


Cgcacog 
Cecao X Cecoa 


* Ccfcao X Cgcoa 


RT log ^ = RT log 

^ ^ Cecao X Cgcoa ^ Ceco& 

’ log 


The gas law is assumed throughout 
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the oxide by means of a reducing agent whose aflfinity for oxygen is 
known Thus, if we i educe the oxide by means of carbon— 

MeO + C Me + CO . (i) 

and then suppose this split up into — 

MeO Me + 4^2 (2) 

iOj “h C CO (3) 

By measuring the affinity in (1) and (3) we can calculate the affinity of 
(2) by subtraction What we want is the reverse of equation (2) Let 
us take reaction (i), and suppose that at a temperature T the equili- 
brium IS reached when CO has a pressure The first question is, 
will CO, at a pressure of 1 atmosphere, when brought into contact with 
Me, C, MeO, at the temperature T, cause a reduction or oxidation of the 
metal ? Consider the vessel in Fig 5 1 We can tell at once by measuring 
the work done m bringing i mole of CO from pressure i to pressure 


The work Ai, t e the affinity of CO for Me, is RT log ^ - rT log h* 

Pi 

This IS the reverse of equation (i). 


- Ai = affinity of [MeO <+ C] 

Now if IS less than i atmosphere, Ai will be positive We know 
from experience that if we bring in CO at i atmo- 
sphere pressure there is too great a concentration 
of the gas for equihbnum to be reached, and in ac- 
cordance with the law of mass action some of the 
carbon monoxide must disappear so as to reduce 
Its pressure It disappears by reacting with the 
metal, giving oxide and carbon, that is to say an 
oxidation takes place If, however, were greater 
than I atmosphere, then, if we were to change the 
gas pressure from to i atmosphere, we would 
find that the system would tend to produce more 
carbon monoxide to bring its pressure up to the 
equilibrium pressure That is to say, a reduction of the metallic 
oxide would take place This brings out clearly how very careful one 
must be in saying that such and such a substance is a reducing agent 
Whether it is a reducer or not depends on the conditions of the experi- 
ment The above expression, that is - Ai, however, gives quantitatively 
the affinity of the reaction — 

MeO 4- C Me + CO 

If we call Aa the affinity per mole of oxygen of the second reaction 
as written, then - A2 is what we want to measure, corresponding to 
the reaction — 

2Me 4- O 2 2MeO 

(The affinity reckoned per i mole of oxygen is ■JA2 ) Further, putting 
Ag as the affinity of reaction (3) per mole of oxygen, it follows that — 

— Ax == 


CO at I atmosphere 


CO at p, 


Me, C MeO 


Fig sx. 




CHEMICAL AFFINITY 


35JC 

[If this equality of work terms did not hold good, then we could imagine 
a cyclic isothermal process, which would yield a continuous quantity of 
work, but this in contradiction to the Second Law] The quantity 
which we wish to measure, namely, - A2 is given by — 

— A2 = + 2Aj + A3 

hirst of all we have to measure -^As, t e the affinity of the reaction — 

■^02 4" C —> CO 

[Ag would be the affinity per mo^e of oxygen O2 ] 

The dissociation of carbon monoxide, however, even at extremely 
high temperatures is immeasurably small , and we have thus to measure 
As indirectly — by combining two other reactions whose individual 
affinities can be calculated Let us take the reactions — 

CO2 - CO + i02 (4) 

and 2 CO = C + CO2 • • (S) 

by adding (4) and (5) we get — 

CO = C + -^ 02 , 

which is equation (3) reversed Hence denoting by A4 the affinity of 
reaction (4) per mole of oxygen (O2), and A5 the affinity of reaction (5) 
as It stands, we get — 

— ^As = -J-A^ + A5 

Nernst and Wartenberg {Zeitsch phystk Cherny 56 , 54 S> 1906) have 
determined the dissociation of carbon dioxide into carbon monoxide 
and oxygen at temperatures from 1300° to 1500^ absolute, and from the 
data have calculated the equilibrium for all other temperatures The 
equilibria relations of equation (5) have been determined by Boudouard 
{Comptes Rendus, 128 , 842, 1899), so that the affinity Ag is known 
Now we know Ai also, and hence - A2 can be calculated 

Example — ^What is the Affinity of Oxygen for Iron at 
Atmospheric Pressure and at a Temperature of iood'" abs ^ 

According to Schenk, Semiller and Falcke [Ber ^ 40 , 1708, 1906), 
the equilibrium pressure of carbon monoxide for the reaction — 

FeO + C -» Fe + CO 

IS — 


T 

PxCO 

. 

556° c 

73 2 mm. 

I 866 

596° c 

164 2 „ i 

2 215 

666° C 

386 0 „ 

2 566 


From these numbers one obtains by exterpolation that at 1000 
absolute, the equilibrium pressure of carbon monoxide is 810 mm = 
I 06 atmospheres Evidently by replacing the carbon monoxide present 
by carbon monoxide at i atmosphere ovei the solids more carbon 
monoxide will tend to be formed, t e reduction of oxide takes place. 
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The afBnity of the reaction, t e the work obtained by transferring i 
mole of carbon monoxide from a pressure of i atmosphere to a pressure 
of I o6 atmospheres is 

Ai = RT log = - RT logA 

=:-i 98 x 23X iooo X o 025 = - 114 calories 
• + 2A1 = - 228 calories 

The dissociation equilibrium of carbon dioxide may be obtained 
from Nernsfs data (Lehrbuch^ 5 Aufi , p 680) At 1000° absolute 
carbon dioxide at atmospheric pressure is dissociated to the extent of 
158 X 10“^ per cent , that is i mole of carbon dioxide yields a fraction 
I 58 X mole of carbon monoxide and i 58 x 10““'^ gram-atoms of 

oxygen, or — x lo"'^ mole of Hence the affinity with which 
2 

1 mole of carbon dioxide at atmospheric pressure would break up into 
I mole of carbon monoxide and ^ mole of oxygen, also at atmospheric 
pressure, is at 1000° — 

iA4 = RT log K - Sv log C 

Sv log C vanishes because all the concentrations are unity as has been 
arbitrarily chosen, t e we have made use of the term i atmosphere 
K must of course be calculated in pressure terms Hence — 

iAi = RT log K = RT 

Fcoi 


2*3 X I 98 X IOOO X log 


I 58 X 10“ 


I 58 

X 10 


= 2*3 X I 98 X IOOO X (~ 1035) 

== — 47,200 calories 

The equilibrium pressure of the reaction — 

2 CO C + CO2 

IS, according to Boudouard, i atmosphere at 1000° abs , the composition 
of the gas mixture being 67 volume per cent of carbon monoxide, and 
33 per cent of carbon dioxide In other words, the pressure exerted 
by the carbon monoxide is o 67 atmosphere and the pressure of the 
carbon dioxide o 33 atmospheres, the pressure of the carbon being of 
course extremely small The equilibrium constant of the reaction at 
this temperature is 

XT /c X Aco2 „ a X Q 33 
/^co (o 67)2 

The work required to bnng the system consisting of carbon monoxide 
and carbon dioxide each at i atmosphere pressure and in the presence 
of carbon (this system not being in equilibrium) into equilibrium is — 



CHEMICAL AFFINITY 


353 


A, = RT log K - RTSv log C 

= RT log - RT log^^" = - RT log i 36 

= -23x1 98 X 1000 X o 134 - 610 calones 

[That IS, there is a negative tendency for carbon monoxide at i 
atmosphere pressure in contact with carbon and also in the presence of 
carbon dioxide at i atmosphere to dissociate into carbon and carbon 
dioxide, in other words, the reverse change [z e formation of carbon 
monoxide) will take place ] 

The affinity of carbon for oxygen (at i atmosphere pressure), t e 
equation (3) C + •J-02 CO, forming carbon monoxide at a partial 
pressure of i atmosphere, is where 

== — -JA^ - As = + 47,200 4- 610 = 47,810 calories 
Finally the quantity we are aiming at, the affinity of oxygen (at i 
atmosphere pressure) for iron at 1000'' abs , is given by (- A2), where — 
— A2 = 4 * 2A1 4 - Ag 

= - 228 Hh 95,620 

= 4 95,392, which in round numbers = 95,400 
The positive sign means that under the conditions of the experiment 
(1000® abs and i atmosphere oxygen pressure) there is positive affinity 
between oxygen and iron, t e iron oxide will be formed Note also 
that under the same conditions the affinity of oxygen per mole for car- 
bon, z <? 4 Ag, IS 4 * 95,620, almost identical (numerically) with the 
affinity of oxygen for iron, being just a little greater 

Finally it may be pointed out that while by the union of 2 moles, z e 
gram-atoms, of iron to i mole of oxygen at i atmosphere, the free 
energy change is an evolution of 95,400 calories, the heat of reaction as 
determined by Le Chatelier is 129,900 calones, that is to say, consider- 
ably higher 

Another method of obtaining the affinity of oxygen for iron may be 
employed The idea is the same as before except that instead of car- 
bon, one uses hydrogen as the reducing agent, that is provided the 
affinity of hydrogen for oxygen is greater than the affinity of oxygen foi 
the metal (For details see Sackur, loc at , pp 64 and 65 ) 

Electrical Method of Measuring Affinity 

Having considered a few cases of affinity in which the determination 
is carried out by means of vapour pressure or concentration measure- 
ments, It is necessary to discuss the electrical method, especially as this 
may be employed in cases to which other methods are quite inapplic- 
able As already pointed out, if we take the faraday (96,540 coulombs) 
as the unit of electncal quantity, i e the quantity of electricity associated 
with I gram equivalent of any ion, and if the valency of the ion of the 
chosen substance be n, the electrical energy connected with the trans- 
formation of I gram ion is « x F or «E, where E is the electromotive 
• VOL II 23 
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is ihrirforo »*a volt Hih riiii vriy m%i!v tr wriverted 

into other unit^, 11iiw i kradty «•*» t|h»^4o rotitomh% find htna 
A « ® I a, 300 vtilt coulombs or Jtiulffi. Fyrlhrr, 4*» joule* » i rtlorie, 
md heitre A 50,570 uitories (frr grimooii tir i>er grant alotti of (my) 
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and the equilibrium constant ii given by— 

C’ 

but since the "conasntrttion " <»( tlic wditl mrtnl Uwelf tt moMiartly a 
'couHtant, wc t»n amply write— 

K ^«»« + 

m — • 

If we have copper sulphate and *mc sulphate solutions in the cell 
at arbitrarily chosen concentrations, such that Cmf** Ceii++ denote 
respectively the metallic km concentrations, then tlir aflinity of the 
process at temperature T must be given by the win *t Hoff isotherm, 
o/s.— 

A - sK . . RT log K - RTav log C 
- RT log RT log . 

Now iupp<»e we choiwn- the ainc sulphate and copper sulphate 
solutions at apprmtiiasaUjly the same strength (say decmoritial), th& will 
m<»n that the “ arbitrary " concentrations of the ion# are af^roxiuutely 
the s«ne, and therefore the second term vaniahM. The e.ai.f. in sudi 
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a case at loom temperature (T = 298) is found by measuiement to be 
approximately i i volt, so that — 

A = 2 X I I = RT log = RT log K 

^€CU ++ 

The electrical method of measuring A is thus a very convenient way 
of obtaining the equilibrium constant Working out the above example, 
we see that — 

2 2 

log K = 


Since 2 2 IS expressed m volt-faradays, it is necessary to have RT also 
in the same units This is done by putting — 


Hence 

or 


R = o 86 X 10"^ 


log, K = 
K 


2 2 


o 86 X 10“^ X 298 
10^7 


85, 


m 


This means that when the Zn^ and have reached equi- 
librium, the concentiation of Zn”^”^ is io^7 times that of It is 

evident therefore that in the ordinary precipitation of metallic coppei 
from solution by metallic zinc, the solution will have become, to all 
intents and purposes, pure zinc sulphate, the copper being quantitatively 
precipitated The equilibnum point in this case is so far shifted over 
to one side that it would be utterly hopeless to attempt to determine 
K directly by analysis This is a striking illustration of the usefulness 
of the electromotive force method 

It is of interest to look at the affinity of the process occurring in 
the Darnell cell from the standpoint of the solution pressures of the 
metals zinc and copper Suppose that a cell having the zinc sulphate 
and copper sulphate solutions at the same ionic concentrations (say 
normal) yields a total e m f of E volts Experiment shows that the 
copper IS the positive electrode, and therefore current flows mside the 
cell from zinc to copper, and outside from copper to zinc Let us 
neglect the P D at the contact of the solutions The total e m f E is 
then due to the two single P D *s at the zinc and copper electrodes 
respectively, viz wzmc + copper Suppose a small virtual change in the 
system to take place, involving the transfer of 8F faradays through the 
cell at constant temperature and volume This current is imagined to 
pass from the zinc to the copper through the cell We have to con- 
sider all the work terms, electrical and osmotic Since the charge 
transferred is positive the electrical work is ~ - 'jrcopperSF, since 

the potential at the zinc electrode rises as we pass to solution, and we 
reckon work terms positive when the force assists the motion, negative 
when the force opposes the motion (as is the case at the zinc electrode) 
The osmotic work done in the sense of Nemst’s theory is first the work 
term — 


23 
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A =: RX log K 

where K is the equilibrium constant of the reaction, i e — 

K Cezn ++ 

++ 

Hence K = ^ 

i CU 

That IS, the equilibrium constant of the reaction is identical with 
the ratio of the solution pressures of the metals Since we have shown 
that K IS of the order this extremely large number likewise re- 

piesents the number of times the solution pressure of zinc is greater 
than the solution pressure of copper 

The greater the solution pressure P of a metal, the more completely 
will It throw out of solution the ions of a metal having a lower solution 
pressure The precipitation will tend to become less complete the 
nearer the solution pressure values are to one another Since the 
values for P for various metals follow the order of “ electrolytic potential 
series,^’ it is clear that two metals in close proximity in this series can 
only give rise to the phenomenon of incomplete precipitation when the 
one with the higher value ol P is added to a solution of the ions of the 
one with a somewhat smaller P value 

In the case of the Darnell cell we have really assumed that the 
affinity is measurable in terms of the electromotive force The 
validity of the electrical method (by comparison with other results ob- 
tained by different methods) has been carefully tested by Knupffer and 
Bredig {Zettsch phystk Chem ^ 26, 255) in the case of the reaction 
between thallium chloride and potassium sulphocyanide — 


TlCl + 


sparingly soluble 


KCNS 


= TICNS + KCl 

Sparingly soluble 


which reaches an equilibrium point determinable by analysis The 
equilibrium exists not only at a definite temperature, as in the case of 
equilibria having transition points, but as the temperature changes, is 
displaced gradually in one direction or other with a corresponding 
alteration in the concentrations of the dissolved potassium chloride 
and potassium sulphocyanide 

The above change was employed for the construction of a galvanic 
cell (Knupffer and Bredig, loc at ) 


Thallium 

Amalgam 


KCNS solution 
saturated 
with TICNS 


KCl solution 
saturated 
with TlCl 


Thallium 

Amalgam 


whose e m f was measured Assuming that tim e mf was a correct 
measure of the affinity (in this case, since we are dealing with mono- 
valent ions, the e m f should be identical numeucally with the affinity), 
the equilibrium constants for the temperatures of 39 9° C , 20° C , 
o 8° C , were separately calculated from the van ^t Hoff isotherm — 


E = A = RT log K - RT::^v log C 



A svM7^:y /*//nv/rj/ r7//M//*uA*r 


aticl ww CoiiihI to I# i« • 

a*gli 1^6 I7f 

whilr pyrrly tfiiiHticiil im thotN g^vr »« 

0*^5 1*^4 *71 

Huh iigrrriwtU n nitf %tum% rvulnirr Int tlir 4ti*iir4ry «if ilir 
♦wsuiiipltoii wliirli IH fiiiitir ilui the rltn ianv t% 4 

mmsttrr «f tlir 4fliiiHy 

Furtln* Hiiirr K 11 n fmirticin tlr ir*M}jrir4iwr , iIh 11 i»ii mi»fkiti|* 
with mmUni tymriitwlHirw dwl 4lt? rtyp, ilif 1 r 

thr Sr hig thr it r* ptmiblr Ui tm.igtiir tin t.i-r ifi wtiiili Ihr 

tot ii rm may «iiial tlir «imi, atid it latth a pniiii irith'ii A 
wiHikl rqiial o, and if Itir rliHtrotiitaivr fun#* %ii** 4 It in iiiraaiir at ilir 
afliimty it shciwltl aim) Iw ii?rn at thi% lriti|irwttit#’ lviiii|ilfrt foiiitcl, 
rxperimnntaliy, using Ihr r#*ll dr^irdird ataivi* tlial thr i 4 rt tnimnlitr 
force was iirm at 4^*1* CL, while the triiipnaiurr ciiltiilit«l Iroiii ihi 
iifothcrm, at which, by with gifrii arbitrary 1 out nilriiliorH, and 

altering tin* tiarijw*r**tur«* ytitil Iht*^ mmrriiratiorw roiiitidrd with the 
equilibrium romrnt rat ions it was calriihard to be 4r|**^^* k 

very strong premf of the vididity of the prtnriple itnolved, 

Klertrometrie metoiiieiuenlii imiy hkewis# la* tmiployrtl toiahukle 
the affinity of complex ion formation {^4, silver # yaiiidr 1 omples). Inn 
deUils if Hackur, /ai. riV., p. H5, jrcf. 


C'riir fW/jr, 


Iffic affinity of hydrogen ion (tl*) hu hydroxyl ion (till ), hihI llii 
determination of the lonmition ron*»tani of walri ftoni eliitioitioiivr 
force meaHurementfi will ftisl lir tamstdinrcL 
Take the following cell - 




Hi 


■» — — 

I Nurmai j i Norma! { .t 
ItCI I NaCHI I 


A <’oit»«idi’r8bte IM). oxisld at the tronltcl «if lUc and and ih^ 4lk4li 
(Nem»t, /(thih. f>hvsilt. Vkm,, 14, 155, 1894). Whni lhi< wutrn ctpd 
for, howovor, thn o.m.f «l this u'il w oSi volt at room t«»tH|«*r4tMre, 
the hydrogen oUrtrode dipittiig m the a«‘id Iwiiig thr laisiiivo j»o!r, 1/. 
current flows imlii'atcii frtmi alkali to atad, msitlr the orll Tin* 
gniHsure of the hydn^jon gm is suj»|«r,i*d to Uo thi* same in tmih laws. 
The* dietnUal raietion whi«*h is takiog plare, and whi** affloity we «!«• 
measuring is— 


ir ♦ OH'-# H,<l, 


Thus, from the right-haiitl eli'tlrode a giam-ton ol liydiogeii giw** 
into solution le,iving llie oltH'triKte iu*gativi'ly 1 hnrgetl In the |ifi*tenee 
of normal NaOlI, »>. aftptosiinatcty norniHl OH’, thr H' ion ♦amiot 
exist in the free state owing to the small dissoi latioii constent ol water, 
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and therefore a great quantity of OH' is used up to form H2O The 
current travelling, however, from right to left is carried by Na’ 10ns, 
and H* with it, and Cl' and OH' diffusing against it At the left- 
hand electrode H loses its charge and goes off as gas , the total result 
is that hydrogen gas is used up at the right-hand electrode, an equi- 
valent amount going off as gas at the left-hand electrode, whilst in the 
cell Itself a gradual neutralisation of the alkali by the acid goes on^ 
This neutralisation is caused by the transport of electricity by Na* 
10ns in one direction, and Cl' ions in the opposite,^ and is to be dis- 
tinguished from the natural diffusion which would of course go on apart 
from the e m f production Finally the whole system becomes a solu- 
tion of sodium chloride of the same strength throughout, and when this 
stage IS reached the e m f is zero, the two electrodes being identical 
and acting m opposite directions Considering the condition of things, 
whilst the e m f is still constant (at the value 081 volt) the neutralisa- 
tion process is confined to the surface of contact, the affinity A can be 
written — 

A=RTlog.K,- RTlog^g;;^^. 


Here Ki =» The ionisation constant of water, which 

C«H ^ CeOH' 

IS denoted by K^^,, is the product of the equilibrium concentration of 
H* and OH' in pure water That is — 

Kxy = Cell* X CeOH'j 
T;r CeHgO 

so that ^ 

In the case under discussion the H* ion in the acid and the OH' in 
the alkali are both normal {i e unity), dissociation being assumed com- 
plete for the sake of simplicity, so that their logarithms in the second 
term vanish Hence we can write— 


A - RT log. p RT log. C„,o 

Further, since m any dilute aqueous solution we can regard the 
concentration of the water to be practically constant, the term 
Ch^o ^ that 

A = — RT log. C.H* ^ C.oh' ~ 
o 81 — - o 86 X io“* X 290 X 2 303 logio Ka, 
whence K» — 

This agrees very well with the ionisation constant of water obtained 


’ Taken m conjunction with the fact that the passage of current causes hydrogen 
,on to be d^sSS at the left, and hydroxyl ion to be neutralised at the right by 
hydrogen ion entering the solution from the hydrogen gas supply at the right hand 
electrode 
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by iithtir mtmin bc»iidiiniiilj% Itvdi^dv 4-'^, r*4l4ly%H| Hv l.tlmg iiiin 
accouol Ihr Miluti^ii uf ii iil ibr n 

md imiting ibr ly^triii Himpl) ii^ 4 irll m of H* 

ioii^wearr led tci tb« Ilni*# iltiii4iiig by !♦„ tlir mi1ii« 

imu pruwiire »f liyclrc^fjii, we mn wnir th«* imiiJ. h 4f. * 


K «- 

M 

iBut Cii»ui 


lew 

«I* tt% iinmial 4lk»ili 

RT j /i,* III tii hI R1 * 
Mh " h¥ 

in the arid m unity, tieiie e 


f 

Ing 




U r Ill K .it id 

* Wi 

t „* III 4< III 

t.i,« in ilkiili* 


K 



sn iilkiili. 


Now wmkr nil c irriitiimiit (i> in niiv dilnir ntjiiroii* %nliitiiiii) n 
IS ciHiticiewd thnt n ^ (thr itinH#iiiwi am^umi <il water L 
m that— 


^ ^ f 4 m Alkali, 

we 

and wiuT l'„^ m thr normal alkait w alw muty 

But A • rtEF. .', A RT li<g R., ,i<« Itrlorr. 

The affinity of H* 4t normal runirtiir.i<ton lor OiCalMiai normal 
conmitnitiori, in aqueotia aohuion, amotintii m RT h^ K... or 
+ 0*8 1 volt-faraday, or iK,6ao raloriwi |wt graiiMon or jan gram mole 
of water formed The heat of thr game reai*iion, whh h, it Ita*. already 
wen shown, is nmemrily the heat of tieutraligatirai ol one r<|utv.dent 
* strong alkali, is 14,000 (ahait'a a|r{it(iKinialely. 
the same result would have br*en oltuinrd il wij hatl used an 
oxygen olectmde In both )lol^tion^ only tl«t hen- thr dlrretroii of the 
wrrent would have boon rcverst*d. A third method roiistHia to tmti- 
baring an oxygen and hydrogen elmrmle, tlnrs- 

it, I Normal tlCl | O, 

hm other electrolyte nfcy be used, but is not so good jn praftire as 
i^d. In thw cell hydr^en dimiolvni in the lonir state as d*a» tiors 
thf oxj^en m OH', thereby giving water. Both gasw are thi*rrfore 
^up in the process. 'I’he results ran hr ralrulaterl as Wore W* 
^kur, /or. df,, pp. 9*, Perhafts the simplest ttw’thoti w to assume 
the oorrectnoss of the standard rakirriot electrode and mmaure the e m.f. 
of the oomblnation— 


H, 


Normal 

NaOii 


(.‘aiornrl 
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or better still by using Allmand's alkaline standard half element 
Hg I HgO, thus obtaining the single potential Hg | NaOH, from 
which, knowing the solution pressure of hydrogen or its “electrolytic 
potential/’ the concentiation of H* ions in the alkali can be calculated 
and hence the dissociation constant of water 

The hydrogen- oxygen or Knall-gas cell, as it is often called, offers 
a very striking illustiation of the inapplicability of the Berthelot 
principle of considering heat as the measure of affinity 
Thus in the case of the cell, 


Hg I Normal NaOH | Og 

as already pointed out, hydrogen dissolves in the ionic state m the 
alkali, thereby leaving the pole negative Oxygen also dissolves, 
leaving the oxygen pole positive If E is the total electromotive force 
of the cell — 


E 


RT , Ph feT , Po 
— log — 2 + — log ^ 

^ /h /oh' 


or E « RT log 

^ oh' 

(Neglecting the liquid P D ) 2 for Hg « 2H and = 4 for 

Og = 2O" » 4OH’ 

Evidently, therefore, if the gases oxygen and hydrogen, instead of 
being fed into the cell at atmospheric pressure, are mtroduced at a 
lower pressure, the e m f of the cell will also be lower [The solution 
tensions P 0^ and Ph^ will vary with the pressure at which the gases are 
maintained, since their solubility in the platinum varies with pressure ] 
In fact, if the piessures of the gases be reduced almost to zero the e m f 
will almost dibappeai Under such circumstances water may evidently 
be decomposed by currents at minimum emf, it being only necessary 
^PPly which exceeds that of the cell itself by a very small amount 
It is clear from this that the electrical energy obtainable through the 
formation of water from oxygen and hydrogen or necessary for its de- 
composition (the two being equal and of opposite sign) may assume any 
magnitude from zero to a certain value dependent on the pressures of 
the gases or their concentrations in the platinum The heats of forma- 
tion of water at constant pressure, on the other hand, are the same no 
matter at what pressure we work, and this is the most direct evidence 
that a simple relation cannot exist between the heat of reaction and the 
electrical energy obtained (Le Blanc, Electrochemistry^ p 255 Le 
Blanc further shows that this decomposition at minimum emf is not 
in contradiction to the Second Law ) 


Affinity of Oxidation and Reduction Processes 

The electrical method of measuring the affinity of oxidations and 
reductions which can be set up in the form of a cell, is identical with 





i(w 

[iirvimis affinity Hiwfiun’mi ntft, « tm'.r.lmj,' .igtfiii iii ffn* «f 

thi* p.uif l! mtti an aijUMm*. sulutiitiu imlaiiimK;, wy. ffttuaiid frnri 
mUs an flpctintle fir rnttmltiml whiclt nmit licit la* atlac krd by any of 
th« c tmijKmc'iif. taking {mrl in thr rraction {imy. a jilalinum »•!«•« frcKfr) 
hut is simply cmploywl as a cmirM-t of c tirirnl to ami from tftr mil. ami 
if furthc’i a hytln^rn or a calomel Hm ircale lie i nijiloyi cl as the other 
hall-c lcmciu, then wr »»ve a csrll sm h ms ~ 

, ttc > 

j |i,.M I j 

the c.ra.f. of which is a incasiirr of the OKntaiiiMi or ircliKiion pnam 
taking pkiT. In the {wilinilrti caw mcntionul, m whit h the hydic^ni 
clcctrotle is used as one half element, the toul reac lion ex erne mg in 
the cell may he rcfirescnterl by 

Hj k -e all' ♦ ai“e»^ 

i.«. a reduetton of forn to ferro, 
or alt*^ 4- aFe'*'*“«» li| f al*e*** 

i>. an oxidation of ferro to fern. 

Tlie leaetion in the two |»arts irf the r«ll may also bn tejirescnlctl 
thus ~ 

I 4 a* 1 lit - «• ! fHrdM'tHw cnricnt 

I *» sFc*-* formed j « all* formed ! I right lo left 

( 4 aa nwMns that two elrctrons eome from tltr pUtmum to tfie fern, 
ferro solution, and - a* on the hydrogen sides denotes that two elec • 
iron* are given up to the bydrt^en eleeirode, the two effeels ore urimg 

or aFe*++ + H;, •• all* + ahe**. 

Himilarly the oxidation procewi, with current flowing from left lo 
right, ejui b« reprwentad— 

1 tKc++ - a* ; iH' f a» j 

I - aF«++» j - H. I 

aKe»+ f all* - aFi+^-t .j, 
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E 


RT 


logK 


RT , [Fe ++]2 

2 °^[Hss] X [Ie+++P 


[H-] 


2 


Writing 

^ log K = E'o, 

and 

RT , fHo] ^ 
Eo + ~ log = Eo 

we obtain 


or 

E = Eo- RTlog^-^ 


Eo IS the value of E of the cell when the Fe'^"'“ and are at the 

same concentration in the solution Eo is called the normal potential 
of the process E is called the reduction potential Of course, if we 
had been considering the reverse process, 2 e an oxidation, we would 
have written — 


[Fe+++]^[He2] 
” K ” [Fe ++] 2 [H /]2 


and would finally have obtained — 


or 


E - Eo - ^ log 
E Eo — RX log 


[ Fe +++]2 

[Fe++]2’ 

[Fe+++] 

[Fe++] 


Reversible reduction and oxidation processes are always thus con- 
nected Suppose that the actual conditions in the cell itself are such 
that a reduction is going on, yielding an e^m f. of E Then if an ex- 
ternal e m f E be applied in the opposite direction, the reduction process 
will stop, and on making the externally applied e m f just greater than 
the direct emf, an oxidation will take place The above formula 
brings out the dependence of the oxidising force upon the concentration 
of the various components which are taking part in the reaction 

R Peteis {Zeitsch phystk Chem, 26 , i 93 ) ^^ 95 ) was the first to 
systematically examine oxidation and reduction processes in such cells 
under definite conditions He used as one half of the element the 
normal calomel electrode, the value of which in absolute measure was 
taken to be 056 volts, the mercury being positive with respect to the 
solution The cell might thus be diagrammatically represented — 


Pt 


Fe+++ ‘ HgaCla 
Fe++ I Hg2++ 


Hg 


Suppose that the process occurring is a reduction of some of the 
fern to ferro 10ns The direcUon of the inside current will then be from 
right to left , or what is the same thing, the direction of electron transfei 
will be from the mercury to the platinum outside the cell The reaction 
in each half of the cell is thus — 
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itg* 4i» j 
nnu\ I 

« lip?/ * fulfill ll 

Thrill* i*iii In* ir|iii*viiiitrcl liy Itii ilirtiiiiitl ii|iytNtn 

jh *** t n^t ^ t 

Thr cijiiiltliriwiii Hnr4*int 1C' t% thu'^ 

' » lr*- M ^ * * »nt 

Hmi 

Qf sure I, *iiid likrww ‘ **** *^****^» ***** 

K - * ;’'•' ' 

f # rri f ♦ ^ 

and thcrnfom~ 

A « RTU»« K ~ RT t(iK / ."■'*“• 

Sincn A it rerknrml per m«»lr yf men iiry iiiiiiwlt ttir r in.f, K 
(ir-- 


see* ' » i 

« j|*f * * (ffiHIlril) 


A 

J* 


K <»i* * l«g K » R'r bg / ^ , 

I# ' I s ♦ 

R^r 

Selling If^ K Kii, wr obtain 

R - K. - R'r log ‘ ‘ . 

Ibtefi olil4in«*ci a krge niimfrr of nm\t% wiiti frrti iintl ferro ittin 
tiirei, wyll iw With other r md m% icitia, llir frillowing arr a ft w of 

N 

ht8 resuitN. Htti mixtua'ii wrti* nudi* ir«im m Nitrk «(»lntii*n (tt frtrtm* 

to 

N 

chloride + hydrochloric srid {the ticid hetog iitl(}«tt to jticwciit 

N N 

hydrolysis), und a similar solution of ferric ehlotHlc i hydro* 

chtorif acid. In the ♦ix{>er»iiMM«Al naulis iiuotcd the riiricm Hows 
indde the coU frrtnt calomel to the pktinutit, that Is, clectioos {mss Irom 
the pktittum to the f«rro*ft’rri wdutam, and tltrrclotc redm tion takra 
pkee. 

The valuci of K« arc calculated cat the assutnjttioft tlini the 
tration ratio ol the ions Re^ ' and I’V ' * » the same as the ratio of the 
fetti and ferni salt ront'etitration, which oi ctairw’ *.in only !«’ re* 
garded as an apirroxitnalion. The applii ability id tin* tlwoty 1 %, iiow- 
ovw, dcniotihlmtcil by the tonstaiicy ol the value K„, I he iiut»tui.tl 
value of K. will lx* seen to lie very great, rhi* ita’aiw that when the 
equilibrium is reached in f«rft>*fi<ni too solution lh« ratio of ferro to 
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ft*rn nuisl b wtv gtcal, //.. twr lo tmlhoti It will thus be evident 
ttwt III I’etm' misturc'. (even m th.it <iint.uiiing only o'57„ Ke+‘*+) 
there w i«>« gre.it .1 utiu eiitrrttion of he' ' iinti there is the tendency 
for redut turn to t.ikr i>l.u 


VAKitrutN ov AniNirv with Tkmpkkaturk. 

The V, Illation of A, th.il is to say of «K when the reaction occurs in 
a cell (ami « rejireMoits the niinilHT ol faraiiiiys associated with the unit 
of mass eoieaderrd), is «. wily Imnid by simply applying the Gibbs-Hclm- 
holtit equation • 



since (■ U ** d« mwe in inlertul energy heat evolved at constant 
volume « 1^,011 the ooUtion previously employed. On substituting 

«E for A we obtain 

«K - u -< 

mt ttpttmmn tlrcHiml liy Ilrliiihdi/ giving the conneedan Imtwem the 
Mhi cif i ecll mul llie hmt nf the reaction ocrnrnng m the 

cellf if Itwi teaelioii c arriod citit in a caloritneteri and the heat actu- 
ally ineiiiired Thm r*{ifi*i»ion gives m the true rektion of heat evolu- 
tiofi to affinity# Iti a fwittieiikr ea%i*i if the has a negligibly small 

temjwfttlnre rtrffit i«ii 0i t|iprox., i,g, the Daniell celli the e.mi 

lavotiiei imriiiiiciilly rtitiat to the heat»i*e* under this condition affinity 
and heat rmMmmt an? Menlieal --Thotnserds Rule and Ilcrthelots 
Iaw» 
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*t1ir Uhi tmu tiiliiiiiiM ^iiioiikt fhi*t»!«tu .illy be identic id, then agree- 
lilt III IN iriilit aitttiMif dll lleliiiluiU/ leUtionshuK Hu' laht*nicmtianed 
tell th jMitii iiliily inleie^tiiiig in that tin* heat of the leat tion is negative, 
atllwiiHti die rraciioii can gue use to a |K»Hitive electneal energy 

In di» rase the Ik itlrlot l^tw absolutely brc*ak8 down. 



CHAPTER XIII 


Systems not m equilibrium [conttnued ) — Relation between the affinity and the heat 
of a reaction — Nernst’s heat theorem and some of its applications 


The Relation of Total Energy to Free Energy 

T'ke Thermodynamical Tkeorm of Mernst {Cf Nernst*s “Applications 
of Thermodynamics to Chemistry/’ Silliman Lectures, 1906 , also 
for a compendium of more recent results see the article by 
F Pollitzer, Ahrens Sammlung^ vol 17 , 1912 ) 

The fundamental problem of greatest interest in the domain of 
chemical energetics is that of the quantitative relation of the total or 
internal energy (decrease) U involved in a reaction to the free energy 
A, involved in the same reaction Since the total energy change is 
identical with ± the heat absorbed or evolved m the reaction at 
constant volume,^ the problem may be put in the slightly different way 
What is the quantitative connection between the free energy change 

and the heat change in any given reaction, that is, ts it possible to 

calculate t?ie free energy change from a measurement of the heat change ? 
We have already briefly considered this question in the foregoing 
chapter The earliest and simplest view held by Joule and Thomson 
was that the two terms were identical, namely, that A = - Q„ They 

found this conclusion fairly accurately borne out in the case of the 

reaction Zn + CuSO^ ZnSO^ + Cu which takes place m the Daniell 
cell, but this agreement must be looked upon as accidental, due to the 
fact that the electromotive force of this cell happens to have practically 
no temperature coefficient The simple equality breaks down com- 
'pletely in many other cases, cf the foregoing table We have already 
discussed briefly this Berthelot principle in connection with affinity 
In many cases, especially in reactions between solids and liquids (i e 
the so-called condensed systems), the Berthelot principle holds fairly 
well, but breaks down completely in reactions occurring m gases or 
dilute solutions To show the approximation to equality between the 

^ Reactions in general do involve a volume change Suppose in the reaction 
tn question the volume increases , we measure this volume increase and multiply 
by the pressure under which the expansion took place, thereby obtaining a work 
term which can be expressed in calories, say This work W must have been done 
at the expense of the internal energy of the system, and hence if the observed heat 
(per gram equivalent) is Q, the value which it would have had if no volume change 
had taken place, namely, Qt>, is given by the equation Qw = Q + W 
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two terms A and one may cite the following instances of reactions 
which take place in condensed systems capable of being set up m the 
form of cells and therefore permitting the direct measurement of A in- 
dependently of the direct measurement of Qt; — 


Reaction 

A Volt- 
faradays 1 

% Volt- 
faradays 

2Hg + PbClg-^ Pb + HggCla 

054 

044 

2Ag + PbClj Pb + 2AgCl 

049 

0 52 

2Ag + I2 “> 2AgI 

0 68 

0 60 

Pb + Ijj — Pbig p 

0 89 

0 87 


These values hold good for ordinary temperatures, but even in the 
case of condensed systems the approximate equality vanishes if we work 
at higher temperatures Perhaps the most staking exception to the 
pnnciple of the equality of A and Q© or U is that furnished by the 
process of fusion or transition from one phase to another At the 
melting point A is practically zero (the specific volume of the solid and 
liquid being generally pretty close to one another), whilst Qt, is usually 
a large number The only accurate relation between A and Qt, or U 
IS that furnished by the Gibbs-Helmholtz equation based on the First 
and Second '■Laws of Thermodynamics This, as we have just seen, 

IS — 



When the free energy of the reaction is independent of temperature 
(as IS nearly the case in the Darnell cell) the terms A and U become 
equal to one another They must hkewise be equal to one another at 
the absolute zero of temperature (T = o) even when the free energy 
does possess a temperature coefficient These conditions show the 
restrictions necessary to be applied to the principle of Berthelot The 
principle is absolutely true for all reactions at the absolute zero This, 
however, as one can see, is of little practical value or importance The 
fact that the pnnciple holds even approximately at ordinary tempera- 
tures IS due to the fact that our ordinary temperature is not so far re- 
moved from the zero Although this principle as an accurate physical 
law can no longer be relied upon, nevertheless it would be in the 
highest sense unscientific to discard it altogether It is to Nernst that 
we owe the most successful solution of the problem of finding out what 
IS the correct law underlying the approximately true pnnciple of 

^ A being an energy or work term should be represented in electrical terms by 
che product of volts x quantity of current In the above cases i faraday is supposed 
to have passed through the cell corresponding to i gram equivalent of the reacting 
metals This is assumed in the numerical values quoted Qv is first obtained in 
calories and then converted into volt-faradays 
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Berthelot To appreciate Nernst^s thermodynamic theorem, as it is 
called, let us return for a moment to the Gibbs-Helmholtz equation 


A - 



In cases such as reactions occurimg m cells m which it is easy to 

measure A and directly,^ this equation is sufficient to allow us to 

calculate XJ, but on the other hand the equation is not sufficient to 
allow us to carry out the reverse process, namely, that of calculating A 
from an observation of U It is, therefore, not a complete answer to 
the problem which we have set before us The limitations to the in- 
formation obtainable from this equation may be shown in a somewhat 
different way if we integrate the expression After a slight transforma- 
tion the equation can be written in the form — 


dA 

- u 

= 

r^dA. 


^dT ~ ^ 

- u 


T^ 


which IS the same as wnting — 

_d/A\ 

dlKn) “ T^ 

On integrating this between the temperature limits o and T, we obtain—' 



where a is an undetermined mtegration constant Now it has been 
shown by experience that the heat evolved or absorbed, that is i U, in 
any reaction which takes place in a condensed system (solid or liquid 
(note the restriction)), vanes with the temperature at which the reaction 
IS made to take place, and this vanation can be expressed by a senes of 
terms involving T raised to different powers, that is for reactions be- 
tween solids or liquids we can write — 

U « Uo + olT -f i8T2 + yT^ + 8T^ etc 
Uo being the value of XJ at the absolute zero Substituting this ex 
pression for XJ in the integral one obtains — 

^ = a + - alogT etc. 

or A - Uo + aT -aTlogT- ;8T2-|T» - V-, etc. (i) 

This expression gives A in terms of U or Q*, but there still remains 
1 In this differential, volume is supposed to be kept constant 
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the undetermined integration constant a to be reckoned with It may be 
noted that the numeiical values foi the coefficients a, jS, 7, etc , are most 
easily obtained from measurements of the specific heats of the solid or 
liquid reactants and resultants m any given reaction which occurs in a 
condensed system by making use of the Kirchhoff Law, namely— 

d\J ^ ^ 

^ = Cl ^ Q 

where Ci is the heat capacity of the system before transformation, C2 
that after the transformation 

Since U = Uo + aT + + yT^ + . 

= a + 2/3T + 37T' + etc = Cl - C2 

The integrated form of the Gibbs-Helmholtz equation, even when 
restricted to reactions in condensed systems 
(which restriction allows of the expression of 
U in terms which can be experimentally 
determined) is still not sufficient to solve 
completely the question of the quantitative 
relation between A and U , there remains 
the integration constant a The real signifi- 
cance of Nernsfs Theorem lies in this^ that it 
permits us to evaluate the integration constant a 
The theorem of Nernst may be stated in 
the following way Not only are A and U 
identical at the absolute zero of temperature 
Itself (as the Gibbs- Helmholtz equation re- 
quires), but this equality also holds true for a 
short region above and in the neighbourhood 

of zero^ the curves for ^ and ^ coincid- 
ing for a short region and not simply touch- 
ing one another at the absolute zero point 
only This means that for a short range in 
the neighbourhood of zero, A and U remain constant and identical 
This theorem of Nernst may be expressed graphically as m the figure 
[Fig 52], m which the change of A and U with T is represented ^ In 
the upper part of the diagram is represented the case in which A falls 
with rising temperature while U nses , in the lower part an instance of 
the reverse behaviour (which is also found in practice) is represented 
Stated, analytically, Nernsfs Theorem is — 



Fig 52 


and 


T 

Limit^ = o 
Limit ^ = o 


I for T = o 


To see that if the A curve nses as the temperature increases the U 

^In the hguie it is to be supposed that the XJ and A lines run together and aic 
horizontal for some distance above the zero value of T ^ 
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{?) and (4) from observed values of U, it has been found that m a great 
many cases the coefficients yS, 7, and 8 are small Hence, if the heat 
evolution in a given reaction is great, te if U is great, both A and U 
tend to have almost the same value (Uo approx ) It is this fact which 
lies at the basis of Berthelot’s principle 

For the present we have of course to restrict the apphcations of equa- 
tions (3) and (4) to the case of solid or liqmd systems, for at the absolute 
zero, or in its neighbourhood, gases have no possible existence This 
restriction is, however, not of such importance as it seems, for it is pos- 
sible by the aid of the first two laws of thermodynamics to calculate the 
affinity of a reaction occurring m a gaseous system (or ina dilute solution) 
if we know the affinity and heat relations for the same reaction when it 
occurs in the solid state 

It must be remembered that the Nemst hypothesis is one which we 
cannot verify by direct experiment, for the simple reason that the mea- 
surement of A and U in the neighbourhood of the absolute zero cannot 
be carried out We can, however, reach very low temperatures experi- 
mentally, and Nernst considers an extrapolation of such as justifiable 

Perhaps the most direct evidence which shows the rapid fall of 
specific heat with fall in temperature is offered by the two systems 
benzophenone and betol Both these substances show m a marked 
degree the phenomenon of super- cooling, so that it is possible to 
m^sure the specific heats of the solid and of the liquid forms at tem- 
peratures considerably below the true melting pomt The total energy 
change (decrease) in passing from, say, the liquid to the solid state at 
any temperature, is represented by the symbol U, such a process being 
entirely analogous to any chemical reaction in which a substance A 
passes into another B We have seen from the Kirchhoff Law that 


According to Nernst’s Theorem and therefore the difference of 

the specific heats of the liquid and solid, tend to decrease towards zero 
as the temperature falls This is borne out by the following experi- 
mental values of Koref — 


Benzophknone 


T 

specific Heat of 
Liquid 

Specific Heat of 
Solid 

f-Ca-C, 

295 

03825 

0305X 

00774 

137 

0 1526 

01S14 

0 0012 

Betol (Interpolated Graphically) 

320 

0 362 

0295 

0 067 

240 

0256 

02205 

0 0355 

130 

0 148 

0 144 

0 004 


.174 
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To 

To 


I 


I 57 


I 15 X 
observed 


10 


=s 369 5 abs 
= 368 4 abs 


Nernst has further calculated by the aid of the expression for A the 
values conesponding to several temperatures for -which A had been 
determined by Bronsted by means of solubility measurements The 
following table contains the values thus obtamed 


Free Energy Change in Calories Involved in the Transfor- 
mation OF Sulphur from Monoclinic to Rhombic Form. 


T Absolute 

A Calculated 
(Nernst) 

A Observed 
(Brbnsted) 

273 

0 72 

0 71 

2885 

0 64 

0 61 

291 6 

0 63 

059 

298 3 

0 57 

055 


Nernst has further shown that the observed values of m% 

(Cl - Cs) over a wide temperature range down to 83° absolute is fairly 
accurately produced by the expression 2j8T This is shown m the 
following table — 


T Absolute 

^ Observed 
dT 

83 

0 0854 - 0 0843 = 0 OOII 

93 

0 0925 -- 0 0915 = 0 OOTO 

138 

0 1185 - 0 1131 = 0 0054 

198 

0 1529 - 0 1473 - 0 0056 

235 

0 1621 - 0 1537 = 0 0084 

290 

0 1774 - 0 1720 = 0 0054 

293 

0 1794 - 0 1705 = 0 0089 

299 

0*1809 - 0 1727 = 0 0082 

329 

0 1844 — 0 1764 = 0 0080 


2^T =3 2 30 X lO-OT 

Observer 

0 0019 

Nernst 

0 0021 


0 0032 

Koref 

0 0046 

Nernst 

0 0054 

Koref 

0 0067 

Wigandi 

0 0067 

Koref 

0 0069 

Wigand 

0 0076 

Regnault 




The compaiison of theoretical conclusion with experimental results 
in the case of the transformation of sulphur has substantiated Nemst’s 
Theorem regarding the possibility of calculating A from purely thermal 
data in a very satisfactory way It will be observed that as T increases 
A decreases, finally becoming zero at the transition point U, on the 
other hand, mcreases as T increases The behaviour of this system is 
thus represented by the curves U and A belonging to type I in the 
figure (Fig 52) 


^Wigand dev Phystk^ [ 4 ], 22 | 79* 
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2 — Application of Nernsfs Theorem to the Calculation of the Tempera^ 
ture of Fusion of Single Substances 

At the melting point the solid and liquid are m equilibrium, that is 
A == o, and therefore equation (%) becomes — 

Uo - yST® - = o 

From measurements of the specific heat of the solid and (super 
cooled) liquid forms, Ci and C2 at various temperatures are obtained , 
and from these one obtains values of ^ and y by means of the expres- 
sion Cj “ C2 = 2^T -h syT^ This final term, 3yT^, is generally 
negligible From these data Uo can be calculated Employing the 
equation — 

U = Uo + + yT8 

and substituting the value of the latent heat of fusion or U at the 
melting point T, the temperature (T) required can be calculated 

The Process of Fusion — The free Energy and total Energy Changes 

Involved 

Some examples of the application of the Nemst Theorem m a 
slightly different form to that already followed have been investigated 
by J T Barker {Zeitsch physik Chem , 71 ) 235, 1910) in Nernsfs 
laboratory The following table contains the values of A and - Qt, (the 
latent heat of solidification (heat evolved)) in the case of benzene — 


Solidification of Benzene. 



Latent Heat of Solidification 


Absolute Temperature 

in Calories per Mole 

A 


U 


0 

940 

940 

5 

94031 

93969 

10 

94123 

93877 

20 

944 9 

9351 

50 

970 75 

909 25 

100 

1063 

817 

150 

1217 

663 

200 

1430 

450 

250 

1710 

170 

278 . /ordinary melt- 
' ing point 


0 


The relation of A to U is that of type I (Fig 52) Other sub- 
stances, such as naphthalene, show a closer agreement between Q caJ^ 
culated and observed than does benzene The paper referred to should 
be consulted 

In the process of fusion^ heat is absorbed, that is, the internal energy 
increases Hence the internal energy of the liquid form is greater than 
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that of the solid But the internal energy is given by 5 Ct,^T where C» 
IS the specific heat at constant volume Hence the specific heat of the 
liquid form is greater than that of the solid In general, therefore, the 
substances which are formed with absorption of heat have the larger spectjk 
heats This was first pointed out by van ^t Hoff in 1904, though he 
made an erroneous assumption regarding the course of the U and A 
curves In the following table are given a few data which illustrate the 
statement in the case of solids and liquids — 


Substance 

Solid 

Liquid Cy 

Benzene 

035 

043 

Lead 

0034 

0 036 

Bromine 

0 084 

0 11 

Potassium 

0 17 

0 25 

Naphthalene 

033 

044 

Sodium nitrate 

0 28 

0 41 

Water • 

05 

1 0 


3 — The Affinity of Water for certain Salts tn the Production of 
Hydrated Salts 

In the section on the measurement of affinity we have seen that the 
affinity per mole of a salt for water is given by the expression — 

A = RT log - 

P 

where tt denotes the vapour pressure of water at the temperature T, and 
p the equilibrium pressure, t e the true vapour pressure of the salt, that 
is, the dissociation pressure of the next higher hydrate To obtain A 
by the aid of Nernst^s Theorem from purely thermal data one imght 
proceed as follows First of all obtain the heat of hydration of the given 
salt This has been done very comprehensively and accurately by 
J Thomsen (Thermochemistry, translated by Miss K A Burke 
Ramsay’s Series), who measured directly by calorimetric means the 
heat of solution of a given hydrate, and then the heat of solution of the 
anhydrous salt, or the next lower hydrate formed The difference 
between these two heat values gives the desired heat of hydration m the 
production of the given hydrate If we neglect or allow for any work 
done (at the expense of the heat energy) due to a volume change, we 
can easily obtain Qv or U for the given instance Now, if we have also 
data relating to the specific heat of water, of the hydrated salt in ques- 
tion, and of the next lower hydrate oi anhydrous form we should know 

at several temperatures, and hence we could calculate the coeffi- 

d r 

cients ^ and y Knowing U itself at one temperature together with 
^ and y we could obtain the value of TJo Now knowing Uo, j8, and y, 
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If we are dealing with the case of hydration of the anhydrous salt by 
the addition of i mole of ice — 

- 

Caiihydrous salt “h Cn,e Cgalt h^o 
where again k,o - C..,. = «P“dL°auo» 

SO that 2^ = Cice ” C' 

Taking as a particular case the reaction — 

CUSO4 + 1H2O ice CUSO4H2O 
Schottky found at 9° C , from equation (5), that — 

Cice = 9 29 calories per mole 
C' = 6 99 (Schottky), 6 60 (Fittig) 
and hence, using Schottky’s C' value — 

^ =5 « o 00408 

^ 2 X (273 + 9) 

From Thomsen’s data U at 18° C is 4860 calories per mole, and 
hence from equation (3A) we find — 

Uo = 4520 calones per mole 
and finally from equation (4 a) A = 4520 - o 00408T2 
and therefore — 

Aigoc = 4i8o\calories per mole Using Fittig’s value 
A780 c == 4010/ of C, A780 c = 3^10 calories 
Mean Argoc =3910 calories per mole 

It will be seen that A at 18° C is less than U at the same tempera- 
ture They were identical, of course, at the absolute zero, the relation 
of the two in this case being therefore represented by curves of Type I 
(Fig 52) 

We have now to compare the value of A obtained above from purely 
thermal data, with what may be called the observed value of A, namely, 
that obtained from vapour pressure measurements The dissociation 
pressure p of CUSO4 H2O has been determined at 78° C , and found to 
be 2 5 mm of mercury (It is owing to this choice of temperature that it 
was necessary to calculate A from the thermal data also at 78° C ) Now 
we have to obtain the vapour pressure tt which ice would possess, if it could 
be obtained as such, at 78° C This is obtained accurately from Scheel’s 
interpolation formula^ {Verk d D phystk Gesell , 8, 39 i» 1905) — 

~ 2687 4 

log tt == II 4796 - o 4 log T - —7 ^ — 

^ The experimental verification of Scheel’s formula must, of course, refer to 
temperatures below 0° C The following three observations are sufficient — 


Mm Hg IT Calculated 
by Scheel 


Mm Hg TT Observed 
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Later it will be pointed out how the theorem may be extended even to 
gas cells Convenient types of cells for our present purpose are the 
following — 


Pb + 


Cell 

Pb I PbCla 1 AgCl I Ag 

Solid Solid Solid Solid 

Ag 1 Agl 1 I2 

Solid Solid Solid 

The Clark cell at the cryohydric point — 
7H20lHg2S04Hg Zn + 


Chemical Reaction 

2AgCl -*• aAg + 


PbCL 


Ag + I 2 -> 2AgI 


ZnlZnSO, 


Solid 


Solid 


Solid Liquid. 


Hg2S04 + 7 H20(ice) ‘ 
ZnS04 7H2O + 2Hg 


Let us consider the case of the Clark cell This cell at ordinary 
room temperature contains the zinc salt in aqueous solution We have 
already seen that it is desirable to work with a cell, each phase present 
being a single “ pure ” substance To realise this in the Clark cell we 
must work at the cryohydric temperature, namely - 9" C , at which ice 
separates out The reaction is indicated above The following heat 
data are available (at 17° C ) — 

Transformation of Zn into ZnS04, heat evolved ^0,0^0 cals 

Transformation of ZnS04 itito ZnS04 7H2O, heat 

evolved . . ,, 

Total heat evolved = 2152,780 „ 


Transformation of 7 moles of ice into water of crystal- 
lisation == approximately to heat of fusion per mole 
X 7 (heat absorbed) = (7 x 1580) = 11,060 ca 

Transformation of Hg2S04 into Hg2, heat absorbed == 175,000 „ 

Total heat absorbed = 186,060 „ 


Therefore the nett heat evolved per mole of zmc (say) by the above 
reaction = 66,720 calories This value holds for 290° absolute This 
IS the total energy change (neglecting the very small volume change) 
per mole of zinc transformed If we denote by U^fhe total energy per 
gram equivalent, then U = calories at 290 absolute 

Now we have to calculate ^ since we are only applying the theorem 


m Its simplest form, viz • 


heat capacity of 
reactants 




u = Uo + 

A = Uo - iST*/ 
|heat capacity 


1 




2 y8T 


^ ^ resultants 

The following data on the molecular heats of the substances con- 
cerned are quoted by Nernst (Textbook^ English Translation of the 6th 
German Edition, p 747) 

Zn = 6 o (10° C ), HgaSOi = 31 ° (So°)> TH^O = 63 7 (10”), 

ZnS047H20 = 894 (10°). 2Hg = 13 2 

From these figures we find, on reckoning per gram equivalent, 
instead of per gram-mole that 2jST = — o 95 for T = 283 absolute 
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These values, Nernst points out, aie in several instances not very 
accurate, and fuither they do not all obtain for the same temperatme 
They must suffice, however The Nernst Theorem thus gives for the 
case of the Clark cell — 

U “ 33^505 “ oooiyT^ 

A = 33»5o 5 + oooiyT^ 

Employing this formula to calculate the free energy per equivalent, 
or what is numerically the same thing the electromotive force of the 
cell m volts, one finds for the cryohydric temperature 266° absolute — 
E = I 4592 volts (calculated) 

and by direct observation E = i 4624 volts (observed) The agree- 
ment IS exceedmgly satisfactory Note that in this reaction, A increases 
with temperature, U decreases (Type II Fig 52) For further illustra- 
tions, Nernst (Sttzungsber Berhn Akad , ]sLn , , Journal der 

Physique^ Ic , 1910), and Pollitzer, Ahrens Sammlung) The following 
table contains the values of the e m fi of certain cells consisting of 
“ pure ” solid or liquid components first calculated by the aid of the 
theorem and secondly observed directly 


Chemical Reaction 

t 

£ Calculated 

E Observed 

Pb + 2AgCl 2Ag + PbCla 

290 

0 4890 

0 4891 

2Hg + 2AgCl HgaCla + 2Ag 

288 

00437 

0 0439 

Pb 4 I2 ^ Phl2 

29X 

0863 

0 863 

2Ag + I2 2AgI 

291 

0 681 

0 678 


Further work on similar types of cells has been carried out, in which 
not only is use made of the Nernst Theorem but likewise of the 
Einstein theory of atomic heat of solids (as modified by Nernst and 
Lmdemann) This will be taken up after we have discussed Planck's 
Quantum Theory of radiation and Einstein's application of it to the 
heat capacity of solids (V ol. Ill ) 

Application of Nernst’s Theorem to Equilibria in Homogeneous 
Gaseous Systems or Dilute Solutions 

Although as already pointed out in several instances the theorem 
directly applies only to solid or liquid systems, it will be shown that it 
can also be extended to the calculation of the equilibrium constant K 
m a gaseous system, provided we know beforehand the heat of the reac- 
tion at a single temperature, the molecular heats of the gaseous sub- 
stances at a few temperatures, and the mtegration constants of the 
mtegrated form of the Clapeyron vapour pressure expression, which has 
been discussed m an earlier part of this hook Suppose the reaction 
under discussion is the general one — 

Via + vj = V iC -f v\d 

If this reaction were taking place in a completely condensed system, 
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all the substances being single “pure ” solids or 
being ruled out since at low temperatuies 

into their single components), we could represent the total en gy g 
(z e decrease) by the usual expression 

U = Uo + aT + ;8T2 + yT® +, etc 

If the same reaction were made to take place m the 
gaseous state, we can express the total energy change (for the same 
number of molecules as before) by the term XJ , w er 

u' = U'o + a'T + + yT 

U'o represents the heat evolved by the reaction in the "f f 
the absolute zero At the actual zero *e existence of 
IS supposed to be impossible Now we have A 3 ^ ^ ® 

affinity of a reaction such as the above occurring in ^ 

(liquid or solid) is given by a particular form of the van t Hoff isotherm, 

mz — , ^ 

A = RT log K - RTSv log C, 

where K is the equilibnum constant, namely 
moduct of co’cenlraoon of »sed .. .eqm.rf 

Product of c oncentration of reactants raised to required powersj 
for m reactzon tn the Mute gaseous state ^me 
and C denotes the concentration of saturated vapour of each constituen 

separately The term Sv log C has the sigmffcance- 

v'l log C. + v\ log Cd - VI log C* - vs log Cj 
Further we have already seen (p 74) 

Clapeyron vapour pressure formula 

tion of saturated vapour, which can be expressed to g 
by the relation — 

,ogC-^ + glo6T + |T + ^T'+ +• • «^) 

in which “ » ” IS a characteristic constant for the substa^e The terms 
Xo, 1 Po, yo can be calculated from the relation (X,„ - RT) 
molecular internal latent heat of vaponsation 

= Xo + ooT + )8oT' + yoT* 
where X, denotes the internal molecular 

follows Lm the definition of the term Sv log C that we can wn ^ 


the 


It 


Sv log C 




RT 

— v' 2 ^ 0 ^ 
' RT“ 
+ 

“IRT” 

+ T'2A'0& 


R 


R 


+ , etc + vi^c 




R 

R 

R 


log T V 2 ^o^T 
R 


4-, etc + v^u 


R 


- , etc - viL 


- , etc — v^b 



.IK4 ' MS/I U Ot Ul\ ’*/» .it I Hi MiM,\ j 


or more brnfly 
V log C » 


Si A, . St-««loKT Sf/r, 

ur ^ a ♦ It * ^ 


f > * i *' 

^11 t 4il |ft4| 


Km|ili*yifig tlrvan’t HmII tnutUftm $fi fiiim .il^nr wn 

f»lil*iifi » * 


RT liig It - RTS*. !i*|t i I ,1 

NfW llir aflifiily A «il jfiwtsiiii ifi 4 iiisi»l 

iH giwn by Ml iii4% I1irt»itiitt 4t lliii itir tlirtin tn m itiirn* 

tint rtl - w» ^ 


h > Ih - /TP >IK 

i 

Hojice «r i,oi wiitp .rlfri Mifmtiliilioii, ii'(in}» ri{ttatinfi (t.\) 

RT log K - SpA, -f Sp..,T log T » Sp /14 < + nix„ 


4 15, /#!'• .. 

'I*hiit 1%, RT lug K « (U, - S«A«) Hh StWl' 1 *^ I' - (/I krfi^jT^ 

Equation (j) tmy hr regardetd an thn ovikihooo Iim ilii* I'lgiitibriiim 
<*«>twtrtiit of & cilliito gav iHin rrartuift oitiauinl liy tbr ajqdu aiioii of tfwj 
N«fl»t 'nitwim to ihfi vaii't Hurt OMiilirrin lor ihr nanm foaiuon, 
wh«i rnrrW out itt the li<|ui<l or lolul .(.lO 

Now wo Imvo alt« 4 «ly nrrn. m tin* oailii r jMfi of t}»i-» hiaik, in ilral. 
mg with the firohlc iti of the rlfeet of irni|H‘oiturr on ih** 
fonsliinl of a /inpfiwr n-ai ting lyitietii. tlwt Hurh f. giwii hy tl*o roattlcai 
worhore, ws. — 

- ir d log K 

tf I • ,vf • 

'I hit! 1 ‘rtuation on iniegrAlion {we la-low i i ooMinn an iotr^taifon 
fonntant I, to the evaluation of whir’h tltriniiMl^natnital rminitlpiaihiiw 
(m«nd and Uwa) have iwahing to aav. Ilnhetio the only wav of 
ohtammg I was by artually measuring R lor at ieaM one le»«»«atMte. 
«<*w, hwew - *itid iw this litfn tlii« gmtt iiiitii ii ittit applim* 

non of the Nemat Theorem to the ealeukthm K -w o*« * 4 ww /im 
tm / ^ a nmf Aa ^attuiaM hftarrkaiid apafi /Wa» ika 

rtwmH iMfi if «* mfy kamp Me »w/V«e-/reiiife#.ftwf/»w«»r# rHatmat 
»f tmk (^tkt mhtami rnfarndh. Thi« ia eflet ted m fultown , - 
We haw mm i»t an earlier wetitm {p. i ih) that the inieiiraietl form 
of the isochore (quite tndeiienilent of Nermf'a Thftrrrm, of wiiiiw) lor 
the gaiteoua reartion may be written 

RT log K « U'a - «"I* log V ft P - ^ T-' , ei. . ♦ K I f 
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The significance of the coefficients is evident fiom the equation 
U' = U'o + ol'T + |8'T2 + yT», 

U' being the heat evolved at constant volume or decrease in total 
energy, in the reaction in the homogeneous gaseous state 
equations (7) and (8) are both expressions for the same quantity R1 
log K They must be identical Equating the coeffiaents or like 
terms, we find that — 

U'o = (Uo - SvAo) 

-a' = Svtto 

— -y' a= — y -I- Sl/yo 

and i 

The important relation for our present purpose is the last one It 
shows that (on the basis of Nernst’s Theorem) the sum of the integra- 
tion constants of the vapour pressure curves which can be directly 
determined may be used to calculate the constant I for a given gaseous 
reaction, without actually carrying the reaction out at all We can thus 
rewrite the integrated form of the reaction isochore {ptz equation ( )) 
in the form — 


RT log K = U'o - a'T log T - 
U) 


It* + RTSvJ 

2 


logIC-§,-i!osT-|T-XT. + &- 


( 9 ) 


logio K = 


(9A) 


For practical convenience we can convert natural loganthms log. 
into logic, and the expression becomes — 

U'o a , rp _ _I_T* -b — 

4571T “ I 985^ "4571 914 23023 

K denotes a ratio of concentration terms, namely, 

a> h 

For greater convenience it is sometimes advisable to work in terms 
of partial pressures The equilibnum constant is now K^, where— 

K 

* 

Assuming the applicabihty of the gas law for each of the consUtuents, 
we can wnte p = RTC, and hence 

C-^i X X RT>^i+''«'^ 


K* = 


KRTS'. 


C-O X C7 X Rin-r-a-r- 
a » 

Hence logic = logic K -b Sv logic R + logic T. 
So that equation (qa) may be wntten 
U'c _ 

R logic 

Sv(t + loge R) 


logic Ky = 


4 S7iT 


y Ts 
9 14 


2 3023 
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The expression — is denoted by SvCo, where Co is the 

chemical constant of any particular substance, values of which, as we 
have already seen, are given in an earlier part of this volume (p 75) 
On making this slight substitution, we obtain finally for the integra- 
tion of the isochore with the help of Nemst’s Theorem — 


logio 


U'o 


4571T 


(a' - >R) 

R 


logio T 


_A_t 

4 571 


-^T^ + SvCo . . (9 b) 

9 14 

Equations (9), (9A), (9B), and (9c) which follow, are of course all 
equivalent A few words more with regard to the numerical evaluation 
of the coefficients which occur in the above 

We have seen that a' == - Svao, where ao is obtained directly from 
the vapour pressure curve of each substance (equation (6)), from which 
Co IS also obtained ^ The expression — 

ct = — ^vclq — = — ]!Sv(c(o + R) 

Nernst puts (ao + R) = 3 5 (calories) as an approximation (which is 
probably only a rough one, rf Haber, Thermodynamics of Technical Gas 
Reactions^ appendix to Lecture 3 , also Nernst, Applications of Thermo* 
dynamics to Chemistry^ p 77) Hence — 

(a - SvR) = - Sv 3*5 

and logic T = - Sv I 75 logic T 


when R has been taken to be 2 calories Equation (9B) can therefore 
be written — 


logic ^ + Svi 75 logicT - ^ T - ^ T^ SvCc (9c) 

Knowing the molecular heats of the gaseous reactants and resultants 
at a few temperatures, we can calculate a', and y', since — 

1 That a! IS really identical with - :S,vaQ may be illustrated by taking an actual 
case, namely, the reaction Hg + T2 2HI, all the substances being gaseous, and 
the reaction regarded as occurring at a very low temperature in the neighbourhood 
of absolute zero, a' stands for the molecular heat of the gaseous reactants mtnus 
the molecular heat of the gaseous resultants That is — 

a' = Ch^ gas + Ci^ gas - zChi gas, 

The term ^voq is defined on p 331 as equal to the expression — 

(Ch^ 1 quid - Ch^ gas) + (Ci^ solid - Cj^ gas) - (zChi liquid ~ 2 Chi gas), 
where the symbol C also denotes molecular heat 

But in the neighbourhood of absolute zero, the Nernst Heat Theorem states 
that the molecular heats of the condensed (liquid or solid) reactants minus the 

molecular heats of the condensed resultants is zero, for m the limit ^ ss o 

dll 

^hat is^ (CHg liquid + Ci^) - (zChi liquid) = o 

Hence gas - Ci^ gas + zChi gas 

ss» — a' 
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Af 


5*!; 


a' + 2 




'T ■*■ 


I i 


Molecular heat capacity ofl ,yu' 
reactants - Molecular heat V = ^ 

capacity of resultants J t*m‘rgy 

Knowing these coefficients, and likewise *'* 

change (for the gaseous reaction) U' at a pve 
calculate U'o by means of the familiar relation ^ 

U' = U'o + a'T + + -y T - arid in 

As a matter of fact, the factor y’ may be “egl®ct ^ 

some cases even ^ Referring js i»«> 

noted that for reactions (gaseous) in whi^ t IS*' *'75 

number of molecules («^ + Cla = fT m not, 

necessarily becomes zero The terms ® of rtwnct»o«* 

however, necessarily zero for this or any otne yv «jf the problem 

It must be clearly borne in mind that ttie vii:«i _^ isochore in- 

under discussion lies in the possibility of the chen»««»* constant* 

tegration constant I from the characteri^ic iv» j pointed out, i* 

SpCo of the substances taking part ihm, as -T-heorem to nmction* 
the conclusion arnved at by applying the JXerns /AMlkations oj 

m the gaseous state Nemst, himself, has p even »•* «*dy 

Thermodynamics to Chemistry, p 55) '^na r-rinsta-ltt I, and '‘seem* 

as i888, had appreciated the signfficance of he cons ^ 
also to have had some idea of the method of its solution 
mg are Le Chateher’s words — 4 r^t#^ or rat ion til, Hkc the 

"It IS very probable that the Gibbs-HolmhoU* enimtionl 

coefficients of the differential equMion [ g the rmetmg «ub- 

is a definite function of certam physical function would lead 

stances The determination of the w<^ K«tke it 

to a complete knowledge of the of equilibrium relating 

possible to determine, a priori, all the c , , cxpcriiiumtal 

to a given chemical reaction without the addition oi i 

data 


E^ahh..^ o, A,puca.,l.xv op N.PHSX-S T«kok« to HOUO. 

GENEOUs Chemical Equilibria. 

I The Dmoaation of Water 
The reaction is aHgO 2 H 2 + O 2 




(/cH o)^ 


these partial pressure terms being equilibrium values. If * is the 
degree of dissociation under i atmosphere total pressure, then- 


^ 3 


3S 
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(since the de^giee of dissociation is very small) Experiment has shown 
that at 1300® absolute, and under i atmosphere pressure, 

^ = o 29 X 

= I 218 X io"*H 

and logio - 13 91 

We shall now proceed to calculate log^^ from equation (9c) Ex- 
perimental data give us the following — 

Uo = - 114,500 calories per 2 moles of water vapour 
[N B — The negative sign denotes an increase in total energy or 
absorj^tion of heat This is what one would expect on the Le Chateliei 
principle for the dissociation of water, since the extent of the dissocia- 
tion IS known to increase as the temperature rises ] 

Further ^ ~ o 00128 

y = + 6 7 X 10-^ 

Si/ =a (2 moles of H2 -H i mole of O2 - 2 moles H2O) = i. 

I 75 logio T - I 75 logio T 
The chemical constant Co per mole of H2 =22 
for 2 moles, 2C0 =* 4 4 
Co per mole of O2 = 2 8 
Co per mole of H2O (gas) = 37 
for 2 moles, 2 Co — 74. 

• * ^i-'Co = 44 '!" 28“ 74~ ■“ 0 2* 

Equation (9c) becomes therefore — 

^ogio Kj!, 


_ “ 114^500 , . n, . 000128T 67 X io“’^T* 

^ 75 logio T + i 02, 

4571T ^ 4571 914 

or logio ^ + I 75 logio T + o 00028T -02 


neglecting the y term 

For the temperature 1300° absolute this equation gives the value — 
logioK^ = - 14 00 

while logioK^ observed - I3 91* 

The agreement is very satisfactory It should be pointed out that 
the last three terms on the nght-hand side are often small compared 
with the first two This is in a sense unfortunate, since it is just the 
final term which particularly interests us 


2 The Deacon Process of Chlonne Manufacture ^ 
The reaction is — 

4HCI 4 - O2 = 2H2O + 2CI2 

1 Cf Vogel V Falkcnstcin, Zatsch Eighty ochemte, 12 763, igoS, 
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'rhf* M'nlioH iiMy tilt oK'tic. illy In* Npht nji into the two siiniplcr 
U.KtH»n‘t~" 

jH/} jH* I (>1 
jHCl - t (\ 

I'lii liiP (ii'it ri .itUiHi • 


" ”U 

(ihfif iMtiMl i>ir . .uin ul « «tur wjuilibnum ti rmh)> It hw just 

4mwn lli4i - 


I- I 15 k»g T -* o'ouojHT 


Ft If ttir ft 41 

log,,, K| - log, 4 (f'** !' 


And It lw« Ih < n found tlwt - 

log,„ K, 




0*8. 


Ill this till* 0 ns wi'll 4S thr y' terra is omitted as negligible. Also, 
%ime there is no I'btiige m the numlier of molerulei^ the expression 
I ‘75 li^i» r » (thongb of i ourso SiAl# w not ^ero). 

For the i»r4«oii l*ro<e*s itself we liave — 


/«.« x A'l, 


'***‘"1* " /»*««, X /»«/ 

(these jwrti-il jaessuie n tins Imng equiUbriuin values). This may be 


If 


that is- 


X /S, 
K 


k 1 


hn<,« - a lOKi* ■* 

Using the alaive data, one tindu— 
log,, K, t^mum 


« i{^ ?,!**'* - O'g) - (— + t 7 S log T + o'oooaST - o-s), 


, y. I* S7yo i-ij, log T — o'oooaST — i'4' 

or log,,, K, •* *{• » 7 S 

»iaikt«tlTral ihis« ex{a*rimentally detwrained m an exceedingly ac- 

iiMiiiicf li¥ V«Me{ V* 
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iPC 

K 

p Deacon 
Observed 

K 

p Deacon 
Calculated 

log Deacon 

Observed 

log Kp Deacon 
Calculated 

450 

31 0 

319 

I 49 

I 50 

600 

0893 

0 q8 

- 0 050 

“ 0 009 

650 

0398 

0371 

- 0 400 

- 0 430 


3 The Dissoctaiton of Iodine Vapour ^ 


The reaction is — 


I2 = 2I 


Exceedingly accurate measurements of the equilibrium constant at 
various temperatures ranging from 800^’ C to 1200° C were made, the 
following being the observed values of m partial pressure terms — 

800° C 900'’ C 1000° C iicx)° C 1200® C 

= 00114 00474 0165 0492 123 


Measurements of K 


^ were also carried out, and from these by 


employing the isochore equation in its umntegrated form over small 
temperature ranges, in which U' was considered to remain constant, viz — 


^ log K - U' 
cJT ~ RT2 

values of XT' were obtained 

, Equation (9c) is written by Bodenstem after substitution of numerical 
values thus — 


The term SvCq is, according to Bodenstem, -h o 422 Employing 
this equation one can calculate log^^o^^ 

The following table shows the very good agreement obtained be- 
tween observed and calculated values — 


Absolute Temperature 

1073® 

1173° 

1273® 

1373® 

1473° 

Logi0 Kp observed . 

LogjQ calculated . 

- I 9 t 5 

- 1956 

- I 325 

- 134 

M H 

00 

0 0 

1 I 

“ 0 309 
- 0 311 

- 0 ogr 

- 0 084 


Hote, on the calculation involved in the above — For the actual calcu- 
lation of U'o It IS more convenient to deal with the heat of reaction (at 
any temperature T) at constant pressure, viz Q'p This quantity is 
simply (U' 4 - RT), since in the above case 2 moles of I (atomic iodine) 
are formed from i mole of I2, the external work being therefore RT 

^ G Starck and Max Bodenstem, Zett Blektrochem , 16, 961, 1910, 
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QV 
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f* 14^ r 4* i t 

M 
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(I) 4t mv umi^-uiimv ih s jn-r <i.‘g»r. Also tbo molecular 
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vmtm iiMi|ily 1 Icir f *i>i Eliinr* 4 imI thr In * fnnn iil* iMimsI witli 

yjlllltkiti (h) ItHrlf. llrtifT Mi thrr fityl * %|Mrnyiiii ft .|ii4ls**M’^ uik H|4|i 

(«llt)i Mr piifrinicm SiC*^ i*. ^Misjily ilir ii^rfhir #*il% fm 1 iMuIr 

of C0| gte* I'hii tiikrit h^ Ihiil |A% # 1 / | t*» li# | ^ Ttitr irmi 

lc« Ka ImHOfiitii kimtiriit with log/, / i^thr iH|iisiiiMiiiiii |iti^ 4 iw 

of t#C)| iti itifi o of ( iiCI mttl i 4t ( i|, t*Mi 4 ii || lirif 

eipilibriiitM llio 4i|ijifo^iMiAir (ohm nf ruiMtsoii it|f 1 mm lir fm ** 

0 , ty, 

14*1 Hr * tog^,/r I :^if4 

4 ® 7 * ♦ 

On illlwllimillg th^ tt|liiviih til^ im flow Irtitw giviii 

flncli ftiittlly for the flliioriMlioii rtjiMhhiiiiii'i nl *4iPiiiiiir tti« m* 
Rfewoii— 0 

l«>Kw ^ ■* » '75 »'*« l‘ ♦ I ^• 

C/^ dwKiip** the h«tt «f (lu'>tjK'tiitt(m f*( the invr»HgrttwJ. 

Since aucli diswK.ijUitm im-rmnnt w»th tm uumtt u*fujw»i,a«rr, thr letni 
Q'^ ti heat absotlmtl and mual therrloin he taken witii a «e({ative sign. 


* Th* valued U', eaed fet the aHCt •h» 11* ♦ ti, it rratijr thtt i{u«niity> 
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The following table (f/ Bnll, loc at . p 736) contains the values of Tj 
(calculated and observed) when the dissociation pressure p — ^ atmos- 
phere In this case logio / = hence 

QV 


4 S71T1 


I 75 logio Ti -t- 3 2 


Substance 

Q'^ Observed by 1 horn sen 

Observed 

T Calculated 

Observer 

AgCOg 

PbCOjj 

MnCOa 

CaCOg 

SrCOg 

- 20,060 

- 22,580 

- 23,500 (Berthelot) 

- 42»520 

- 55,770 

498° 

575^* 

600° 
1098° ^ 
1428® 

548° 

610® 

632® 

1091® 

1403® 

Joulin 

Colson 

Joulm 

Brill 

Bnll 


several otrier iiiusirauons ua luc v,* — j r Vt 

heterogeneous systems in which gases are present are ated by erns 
(Apphcattons of Thermodynamics to Chemistry^ p 96, ) in tne 

present instance we shall discuss only one further problem, whic is o 
great importance, namely, the calculation of the electromotive force of a gas 
cell from purely thermal data To apply the theorem to such a system, 
which IS not an entirely condensed one, we have to proceed m principle 
as follows (quotation from Nernst, Berliner Akad 255, 

tqoq) “We think of the cell at a temperature so low that the g^es 
become either liquid or solid, and apply our theorem to this state We 
then take into consideration the -equilibrium between the solid or iiquia 
substances and their vapours and thence by applying the Second ^aw 
of Thermodynamics we can carry out calculations for any temperature 
and pressure In this way we can realise the conditions obtaining m 
an actual gas cell A typical illustration is the KnaUgas cell, in which 
the reaction — 

2H2 + O2 2H2O 

gas gas liquid 

goes on and yields the electromotive force In this reaction the equili- 
brium constant in the homogeneous phase is given by 

pa 

^eHgO 

C|h, ^ ^«Oj 

If the reaction were made to take place ’^“der 
that all the substances were pure hqmds or solids, the affinity 
reaction is given by {i e the affinity of formation of 2 moles of HaO)— 
A = RT log K. — RTSv log Csaturated 
Now exactly as m the case of the dissociation of the carbonate, the 
term for the concentration of saturated water vapour present 
the above terms cancels The term Sv log C may therefore be taken 

as equivalent to-- , ^ \ 

« (2 log Ch 2 + log C02) 

Saturated vapour 

over liquid hydrogen over liquid hydrogen 
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[N B — The negative sign comes into the above expression since the 
terms for Hg and O2 occur in the denominator of the original expression 
for K. ] Passing to partial pressure terms, and still omitting the term 
for water vapour, we see that — 

log = log (-5 ^ — — ) = - (2 log/.H, + log/.o> 

Equilibrium Equilibrium Equilibrium Equilibrium 

pressure pressure pressure pressure 

Proceeding as before we reach equations (9), (9A), (9B), or (9c). In 
these SvCo = {Co for resultants - Co for reactants} , and as the result- 
ant HgO term is dropped, since it occurs in both terms in the expression 
for A, It follows that — 

SvCo (2C0H, + =-72 

One should observe that the term %v in the above case has the value 

- 3, since It must always represent number of molecules of resultants 

- number of molecules of reactants Sv becomes in this case simply 
the number of molecules of reactants taking part, vh (2H2 + O2) 
The term Svi 75 logio T in equation (9c) becomes now - 3 x i 75 
logio T, or - 5 25 logio T The term U'o, t e total energy change in 
formation of 2 moles of liquid water in this case, has been found, from 
direct measurements of heat of formation of liquid water from the gases 
hydrogen and oxygen at constant pressure at several temperatures, to 
be 137,400 calories In the formation of water, heat is evolved, that 
IS, the total energy decreases and hence U'o appears with a positive sign. 
Equation (9c) can thus be written — 


logio 


I 


= logio = 4^^ *" T + O oioT - 7 2 

from which logio can be calculated 

Now the affinity A of the reaction 2H2 + O2 2H2O, in which the 
reactants are gaseous and the resultant a liquid, t e the affinity of the 
actual process occurnng m the Knallgas cell, is given by — 


A = RT log 


/eH X /go 


- RT log 


/h2 X 


where the term/nao has been eliminated If the oxygen and hydrogen 
are supplied to the cell, both at i atmosphere pressure, the above 
expression reduces to — 


A = RT log 


Aho ^ 


- RT log I = RT log 


/eH. X /go„ 


This can be calculated numerically from equation (9c) given above 
We can thus calculate the affiriity of the reaction in the Knallgas cell 
Now A refers to the formation of 2 moles of water To fomi 2 moles 
of water electrically requires four faradays, and hence A == 4E, where 
E IS the electromotive force of the cell Calculating as above 


xt ^ m H' u 


f„i fhr t. »1|*» «*>*<.»<•»<»« Uj«- mitiii'm jI v,iUi«' uJ 

\ ftimi .»«»< '»<“»" mimrm (I v «lii) «*( K, niu- tthl.um fi‘m 

pm^h thrrm.ti i.fU* '♦ lh*U - 

W«* httvr H'tw l»> th!> ^ *Uh w»lh thi* tthsi'rvi’ti I>ir«Tt 

•'! iHr p!h !»•**< '‘hnwn W 

riU %nli »«.! Mil* Urn t^».-rumly t.K> Uw owing 

K, III. il.m. «'U i>l Uuwtiii,; ih- j.Uliinim . Ic timlo with u'lygMi. On 
jHi|»l>iitK th« jmio ii»h* «'l uitiwl woik, ihr •'*|»r« '»4tiit ohumwl for th« 
fjiii **i « f II r> ■* ^ ^ 

*-w * VL m 

4 ^ 

»«, 4 iwi rh'»oi.‘ th- (wm.l of hydrogon and oxygon 

at th« IfWix t mtr i in s»tiir.ilrd watot vapour.* At fan y high lom- 
laratun-'i ilu* d.},o« '>* div»,« latu.ii of watoi va|KHii hat hteii . xpcri- 
m. iila«v oht mi d. and liy ««ndy UMiig th« iwhoit; expression 
inti-gralrd fmiii imiiauiwg iho imisUtn I. which is 
dm clly ohl iim d sa!««' oJ k, u a* hring made of the Nemst 1 hwera), 
oiH’ finds ttial at #«<n" a»»s the value of 

Mti»i a I H*. s lo ■'» atmospheres 

* o tioi * I Ho a 10 


ia-wu, phs^ik. I hm , J^ 449. u« 

(Itrftnstrd, MNh phntk Oum., 65i 744. ‘n®'))- T;*'**' ’*“*y ^ ™ 
gald. d av the ttii. ••ohsr.%. d '• value lor the .-lectromollve force of the 

aiowal Mfull P.e..«U«l dir giw ,lrrtr«d«. and is ihr vapour pressure of 
ildisJi laird wain. ihr« « thr lOimatloo of a moks of watei wok place as vapour 
only, the work A wiaitd l« 

A»«Tk«Kp irUslOK/' 

hi.ite 10 tlir prrswiro of ltit«>'* /‘•“t" ** H'* '"“® 

A - RT log - R'*' »«« p., K h,' 

Also It w# iisr Ihr symlmk for »n^ »o, ^*«s' ***° *" '*** ***** 


R I' log 




Mm If wf 11*1^ tit# ♦rui hmt 

it ilir PlmMmim m f pmmum, thm 


M M r Irmti the itftl# would require 

ami sour ih. l..muimnol tf' 

4 unit i.hai4** (faiaiUys). •< wHims ilia 

1. 


t 1 ”1, * *‘>S 



,4 SVSti 1 / r¥ ^ 7/1 I//S/WI' 


Kiittllp^ trll, 4ii«l It i!ia iHh pt^m Ilf II «iili fill! ^4- 

mliititd h\ ilir »ti«l til' Xiffii*! I liMit* tii, t$* i # 1 |. ^ I 

*rtir <|i « rf*|Miit V wtiis ti tIustiAMil 

II if^iliir l« ttr tihiioiiiii) lirh»%iOiil \pph<(l miut iii ir.|f# 1 1 f i| ||^ 
mwlfciiki iir,il IH ^*t\% iHr fM^i u« n#, fiink llui 

dt |ir tir if’iitfi * di i»4Sm mApp 4tr m M|iii|ihtiiitti 

imclrr I 4 iiiii*»jihi rr jin iiim» tin I lut^i ^4 tin nA til 

fwlltfil fi^tli |nit H iktt 4 imiiI«I Ih i i |i|| to fifi4 tlir 

i.lllir of !lll-^» 4 l m*#' wr i4l* il^4r llir t*ililt llfliiiti«l|| 

uliwlwtl ilitt I iH, a 


witriit r 


ll^iiiH llir* fitliir Itif 


Ji 

7 / " 

oiii lilt! 


i a M 


Kp^t* - t 

4 HiltifiWv 4/Nriv vrff with ihf * fi««i *' t*lir 

Ttir 1411 iliir* '-4H loitiislv 4ji|4iMl i«i it*r ri*»' 

titifim |lU#r* lit g4*i m 4I ^ Mir |#*||omil4|» liitdt foiiUlIH the 

valtn iiliUiti* 4 wiiti 4 frw |C4i crIK 


illi I f I. * 1 * » . . 

i 44i I i h 4 t’i , 

! tit > w, -•.«.« I, 

i IL 4* CL •* i» illi *411 waI m$U*imn 

|M« + €lt-#dlCI I .. 



1 » M # 1 1 f 1 

1 i A' 4 

hpi 

/ 

1 .i% 


1 i»i; 


Kyc* 

« ^11 ^ 

^ *l#l| 

i»*i 

I irtf» 

1 

i 0 % 

1 %mi 

i 1 pi% 


Wt haw iilrmcty rrfwrAl UHlir ^nm wIiai AitAlrytiii*^ |ii»*lilrtti iif Itir 
i#rtt<wi«itiw liiff I fil f rlh in whirh itir 1 ^ 4 * tinii ul* % fit** 1 * in 
Thk k tfi 4rititigiiit*lif4l frniti nrn'mm fnititinv 
cbnieit wtif44f4tri (i>. rtrh jitiAw* nf 4 i b tin* aI iTiiltiyl, 

T# itif* ktlfi wii lw¥i» alirtiiiy *fmi itui ifir ihrnfriii *if Kifiiil titfi b' 
iittiil flifri iH Fnf lb' « 1 ^ nt 4tliitNtii. mr 4411 liy tb? 

liulp rif t{|f* Aftilkft iilnvidv rwmjililltd iti tlir 14 # nf itir < lifl »«ll, iV* 
ritktiklitin till* rt«Ti trnmnlivf: Lifu^ 4I wti Irfii|i«f4fiifr% ilul %olifl 
j»hft«ii ftfi- itiitl tlirn Willi Ihr #m 4 «if 4itHiili4f^ ikyi ^ 4 * 'ttliL 

tiilily liftiirntliirr ralniklr wlwt ftp* rlniftnipiiivr four wniild 

t)f for thr iicliLtI li^itpntiiifp in 


Iwtliff tlriAlk ill umnn iww witli tlir* «|tir*ito*'i *if * rlL* < f ^Vt up* 
W. IlfflifL dktiii , ivA|. 



CIIMM'KU XIV 


Hxhtviintt «>( (in aikI n<« fiiulltbuuiiii isjuwcd to radiation 

ViiiitiK lirmi«tt¥ ’I hrr niiaK iiaiitit aJ tiyaliiirnt of pholotliriiiita! react on*. 

In tim ilujtUT t<“t«u« i*- ‘'f thf hfluivitmr of material 

svst' ttf* uiidt r thf tnllurmr ol irtili.tnt)», winch Iwfmvumr, when the 

rttlwluMt uf thott waves {M-nblc or itlua* violet), is mdudccl an 

!he term nmfn.* M t tn.itter ol l.it t. howtiver, recent advances, 

due nouhlv to I ram/ and Kriiget. have emplmsnted the 
kma wave radiatimi as tlie jHissiliIe oriKiti ol “ordinary or thcri^ 
leluiiOT's VO that It will Ir ev»d.-nt th.it radiation 
immtal siantrit <»«< e fiimi the i hemtc.tl standjioint. Radiation chemistry 
« tsm XlekL by the aid of the ortUna.y kinetic theory and by 
theriniHKiwHiu's hut m athliiioii to these two modes of inv^tigation a 
third imie.eai.ressed in f 

iiiciwil i4 m*mn * Ihh fhajitt*r will Ik? devoted to me iurvey 

of along wh.it may he now regarded J” 

Vol. UI the sonte|rt ol the unitary theory of radiant i.m^y t 
quantum th.-ory -.iinl srrme of its apphcations will he discussed. 

Ttia SouKCfc Of I.iotiT Rauiations. 

f>M the basis ol thfi electromagnetic theory of light, the vibrations 
of s^Tll LraeTpart elrs vM “ radiators " or “ vibrators," which may 
i iTher MS C .elves or electrons present in the molecules o al 
!ukliln.es. ptmlm* electron^netm waves of Tlii a^^^ 

wav« of a given lolmir which are r«n;rgy oS the 

of radiation ol such waves n-P«'™b'. of thl vibmton will be 

part of the vilmtiiiiK system, and the ««»nt^ 7* c^mmSed to 
gradually tkmpetl down and cease enerav supply may 

fta™, •IS".' •» »“ ..epl 

he kepi U|». Rtf«. of the molecules is great, 

.’Si '.lu- c™J.'.u .w?".™ 

ir;'L;:^rl - •» •- 

Ij pchs , I'unlwr ilttiul* may Iw ohiainea tn«tB. 

.W 



398 


A SYSTEM OF PHYSICAL CHEMISTRY 


temperature radiation The higher the temperature the greater itie 
collision frequency of the molecules, and consequently the more rapid 
and more energetic are the vibrations of the radiators inside the mole- 
cules Rapid vibration means short wave length or large frequency, 
and as the temperature is raised evidently the radiations which corre- 
sponded at first to long waves, t e the infra-red, may be made to possess 
wave lengths corresponding to the visible spectrum range, and even the 
ultra-violet Radiation represents energy, i e radiant energy Tem- 
perature radiation consists theoretically of all frequencies or wave 
lengths between o and infinity The distribution of energy between 
various regions is by no means equal The distribution, in fact, exhibits 
a maximum at a certain range of frequencies, and the position of the 
maximum varies with the temperature of the radiating source Radi- 
ators at ordinary temperatures do not emit visible light, because the 
energy of the radiation corresponding to the limits of the visible region 
is far too small to affect the eye The higher the temperature of the 
source the greater the radiant energy throughout any given range of 
frequencies or wave lengths Hence when a substance is raised to a 
sufficiently high temperature the radiation energy corresponding to the 
visible region becomes intense enough to affect the eye and the substance 
IS said to emit light Particles capable of vibrating so rapidly as this 
must necessarily possess very small mass, and it is generally considered 
that the radiators in such cases are electrons If all the electrons had 
the same period, the light would be of a certain colour If, as is gener- 
ally the case, the periods cover a wide range, the total light emitted 
will be white, and on analysing by means of a prism a continuous spectrum 
will be obtained 

Besides this purely temperature radiation we have what is called 
luminescence In this, which is generally present in incandescent vapours 
and gases (ordinary Bunsen burner), the supply of energy to the vibrat- 
ing electrons comes from chemical change, / e intramolecular changes 
in the molecules themselves There are several kinds of luminescence, 
covering, in fact, all possible sources of energy supply other than effects 
due to temperature It must be noted that luminescence may be ex- 
hibited by systems whose temperature is low, and, m fact, it was obser- 
vations on such that first showed the necessity of assuming that causes 
other than high temperature might be the ongin of the visible light 
Thus Prmgsheim has obtained effects m a photographic plate from a 
CS2 flame whose temperature was only 150° C Pure temperature 
radiation would in this case (at 150° C ) have produced no photographic 
effect, for the temperature radiation — ^which must always be present 
even with luminescence — would correspond almost entirely to vibrations 
far in the infra-red 

We shall return again to the subject of temperature radiation and 
luminescence after considenng some of the evidence which leads to the 
conclusion that it is a charged particle of dimensions much smaller than 
an atom, ? an electron, which gives out visible and ultra-violet rays by 
Its vibration 



399 


THf. SOl'A’i'f fHffl'i A' l/>/47'i().VS 

wflwv. tH. m. «- «'.uul - ^ 

w!i..‘-.r V!,4«n.r .iiuft p n.Hiu , h.iiir «►! a, t u-n 

jtt.mimg t<‘ H»Tt/ lit l»it»lc'- {). S.30), th«“ clcctro- 

i*<i«*fg¥ ptitiltitl in A ImU im'IUhI 

3^* 

when* k !• titr W4¥r If ngih u( ihf nmittiid Hence the amount 

Mtlwlrd j*-f '« uHid Irniit -m< h a iturRO »»*~ 

1. “ 4»\4,. '»f 

whPif T I- thfl jwnndn: utm nfa Hinglc tomplcte vibration, or 'j. is the 

(reoufury ol the radubon and . h Us velocity (/.a, the ^elocUy ol light 
iIIiiH l>, t M in’" « ms. Ft second), thow terms being connected by the 
widUltnown relatwio 


«««.» v.po™, »h.«h 

luraOTV.'u. hr iiuuily « luinioe* ait toijn! luid '”■'1' I»f I * 

Wierlnmaiwt Ua-i sltown tliat the energy emitted per second m 
S two It hncs by » gram of sodium is 33 to gram-calories or 3;45 

tfi ^ krif^r iti mw nmy K «fiect 

to nr m 1 w godiuin vapour thus ionised we would expect 

i hm from «*» h atom 01 sooiui ^ determination of the 

,0 obwin the energy 1. |v.. second. JW cmn * determmatio 

miitdirr of motet uto m t gram- > > ■ . grama of 

numhrri.), it k cvidcu iam Sbee each ionised 

>«ndmin vapour, or 4 6 x *? nJliatkin energy L per second, then, 

S ,:!• :u»“2 S™ sir® V "oond frod. 

I gram of aodiuin would be— 

§»*/"/. 4'6 X .o«. 

This is evidently a ttraximum valu^ “i.r‘?^S^”nilule, however. 

value, we ohtain- 

|**/f . J'fi »< >0*’ - 

•I'h. u».nu« ite aill •hW. i. .PP"-'™'''? ^ 
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“black ” body is one, asjhe Temper^u^eT? then 

the emissive power of a black body, at a given tempe 

since A = X. . = I ^ other words, the emissive power of a Hack 
body oi “full radiator” is equal to ^ f^t^e to be re- 

Stefan’s Law for Total Radiation 
Aca„d.»g to S»fe., the 

body which is giving out a senes o ..^^jerature only, is proportional 
spectrum, such radiation being due ^ ““^fof tL body, le^T^ 
to the fourth power of *^*^0 absolu J^„_sideration of Tyndall’s data 

S15c°^Ts;S 

that (l££liLil3y ^as equal to ii 6 The law has been tested 

ve^ 

has shown its eliZt Annalen der Rhystk lot 

details see Preston’s Heaf^ rf^e regard toe radiation of the sun as 
more recent oommunmatio^) If ,f irately true), bolometnc 
a pure temperature effect C^hich is on y PP second, and hence, 

measurements give the amomt of energy P ^ calculated 

b, .pplTO Stetob L», the temp^a™ J „ „ec»earily 

i^eshl. fOtfe »“ dtTuced by Bote»a». from 

ex- 3 -fxreixro - 

The follomig is a — tempeiawie radiation, that is 
Consider an enclosed only The temperature of 

radiation which is a function o p radiation means the eiastence 
the radiation is T The tSit tbe enclosed quantity 

of energy of the gJ’Jace^thermodynamically, )ust as we have 

of radiation, * « the enclosed space me y ^ 

treated a material system, sue radiaUon present per unit 

density of the radiation, * volume of the space, then the 

volume of the space, and V i gf the 

total energy U of the ®P^® showed that radiation will exert 

d»siv . <>« “p'' 

expression — / = (i/Sl « 

"to^lvtoirpi^of work 

„ 26 

VOL n 
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would have to be done by an external agent in ordei to push the piston 
inwards against the pressure of the radiation If the decrease m volume, 
due to the movement of the piston, be 8V, the naaximum work done by 

the external agent is /8V t= ^ gV If the change be earned out isother- 

mally, the radiation energy density u, which by definition is a function 
of temperature only, will remain unchanged The volume has decreased 
by the amount SV Hence, applying the Gibbs-Helmholtz equation — 
A - U - T(^A/^T), 

where A = work done by the system = - ~8V, U = decrease in in- 
ternal energy due to the process, and therefore — U *= increase in 
internal energy =» - uhY 

- ;!(- ?sv) 

and therefore, 

--8V-«SV=- - SV 

3 3 \d^.Jv 

or js^udT = Ydu 

On integrating this expression we obtain — 
u = constant x 

The emissivity of a black body is proportional to the radiation density 
and hence the amount of energy radiated is proportional to the fourth 
power of the absolute temperature, which is Stefan^s law for total radia- 
tion 

Wien^s Displacement Law 

In Stefan’s Law we only take account of the total energy emitted 
by a source We now come to the much more complex question — 
complex even when we restrict ourselves to temperature radiation alone, 
and quite beyond our knowledge at present in the case of luminescence 
effects — namely, the distribution of the energy radiated among the 
various wave lengths emitted Temperature radiation always gives rise 
to a complete spectrum The energy fiom a source thus radiating is 
lound to vary with the wave length emitted, but does not increase or 
decrease regularly as we pass along the spectrum Instead, the energy- 
wave- length curve passes through a maximum at a certain wave-length 
legion, the temperature of the source havmg a definite value (Fig 53) 
By altering the temperature of the source, the position of the maximum 
is found to alter correspondingly The direction of the change is such 
that the maximum shuts towards the shorter wave-length end of the 
spectrum as the temperature rises This phenomenon of shift of 
maximum is taken account of in Wien’s Displacement Law If we 
denote by the wave length coriesponding to the energy maximum, 
and by T the absolute temperature of the radiating black body, Wien’s 
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1 that- X X T = constant Some of Lummer and Pnng- 

law states tnai: Amax 

sheim’s data in support of this are given in a subsequent table (the most 
recent and most thorough investigation up to 1914 upon the radiation 
from a black body is that of W W Coblente, Bull Bur Standards 



(From 

Fig 53 

Jan, I9U) W»n ^ 

S'^^aSn-^e Sr—., W.=n.. .aiaU.n ,a- 

„ constant 
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By E IS meant the quantity of energy emitted per second from a 
given narrow wave-length region containing A., the energy being absorbed 
by a thermopile or bolometer, and the amount of the energy, % e the 
magnitude of E, measured by the current produced as indicated by a 
very sensitive galvanometer Some data in connection with this law 
are also included in the table It may be mentioned that a totally 
absorbing or perfectly black body has been very nearly realised in 
practice by using a hollow blackened sphere or cylindei of metal 
(heated electncally) possessing a small opening through which the light 
passes and is reflected many times from side to side until it is practi- 
cally all absorbed, for of course each leflection is accompanied by a 
considerable amount of absorption It must be remembered, of course, 
that though we speak of radiation from a black body, the word “black ” 
IS not to be taken as referring to absence of colour At high tempera- 
tures metals become “red” and finally “white” hot, though all the 
time they may be emitting temperature radiation only and functioning 
as “black” bodies A better term is “full radiator” In Lummer 
and Pringsheim’s experiments {Annal d Phystk^ 6, 1901) the 

spectrum was produced by refraction through a prism of fluorspar, 
which IS very transparent, particularly to infra-red rays As lenses 
could not be used, the image of the slit was formed by means of a con- 
cave mirror A Lummer-Kurlbaum linear bolometer was employed 
to measure the radiant energy, the width of metal strip exposed being 
o 6 mm and the thickness o 001 mm The results were reduced to 
the normal spectrum, that is the spectrum produced by a grating, the 
constants for fluorspar having been previously determined by Paschen 
{Annul d Phystk^ 53> 301, 1894) As the strip of platinum in the 
bolometer possesses widths the energy measured will not correspond to 
a single wave length, but to a small region lying between X. and A. -H 
Also as the width of the slit is finite, the spectrum is not quite pure 

Lummer and Pringsheim’s Results 


Tabs 

^max the Wave Length 

Corresponding to 
Maximum Radiation 

^max Maximum 

Intensity in Arbitrary 
Units 


^max 

-^b™xio 17 

621 2 

4 53 /* 

2 026 

2814 

2190 

908 0 

3 28 

13 66 

2980 

2208 

10945 

2 71 

340 

2966 

2164 

12590 

235 

68 8 

2959 

2176 

1460 4 

2 04 

1450 

2979 

2184 

1646 0 

178 

270 6 

2928 

2246 


Mean of these and other data 

2940 

2188 


The energy max of the solar radiation lies in the yellow-green region, 
and by making use of the expression AmaxT = constant, Langley calcu- 
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lated the temperature of the oun to ii^'^been found that 

Wf 0 imi otoer .awe ,ue.ed It 

IS therefore of considerable practical apphc y 

Laws O, THE DISIUIBUTIOU O, Emitov THhOVOHOtJT THU Stbcthto. 

We have ahemly used the phrase ■ 
wave lertph" K » 

between the wave lengths X and X + method of procedure is to 

actual single vibration Jtmm lying between two wave 

isolate a very small portion of P ^nemy Several radiation 

E-^ 

;;S N^’i: uu^hS — » o^e gr.«-m..eeuf. 

Wien’s expression is — 


Ea. = 


C -k 


fc The latter expression has been carefully 
where C and c' are constats The latte p vrho have 

investigated, notably of accuracy over a wide region, 

found that It holds with ^ With very 

but not over the entire region gjon ceases to accurately 

long waves and at high tempera ur Rayleigh’s, on the other hand, 

reproduce theexperimentalvaluesof Ex, These distnbu- 

ho^ds m te region bur " “ ^ ^JfTLT.ord on .he s«b,e« 
tion laws mentioiied p^t forward by Planck, though 

Yet another distribution law b^n p foregoing 

the ideas lymg at the base of this ^n must be postponed 

considerations, that a iscusao^^^^^^^ ^^g^.ding radiant 

r4;:.b““ “bed W»« IS£°m SrJnecnon wr.h rempenr. 

rure^K^r 

(Rayleigh’s, Planck s, ^d ^5 Por Ime spectra, such ^ one 

tinuous spectra, t e all f vapours, no relation has yet 

finds in the case of incandesceng ^ bolometnc 

been found between X and E a defl^ttons 

measurements in the ° ultra-violet lines are “hotter 

were obtained m the ultra-violet, * « me 
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than the mfra-ied This is in diiect opposition to the energy distribu- 
tion in a continuous spectrum (due to temperature radiation) 

Note — The vaiious laws which have here been veiy briefly dis- 
cussed, are much more fully dealt with in Preston^s Meat (CottePs 
edition) and also by Wien, Lummer, Pringsheim, and Rubens, in vol 2 
of the Reports of the International Congress of Ph% sics ^ Pans, 1900 


Luminescence 

This term is given to radiation of light waves, the vibrating electrons 
being kept in motion by processes dependent on factors other than 
temperature alone ^ There are various kinds of luminescence, as the 
table given below will make clear 

These various types of luminescence may be very briefly described 

By fluorescence is meant the phenomenon of giving out light when 
under the influence of a beam, this emitted light differing in wave 
length from that causing the fluorescence When the exposure to the 
beam ceases, fluorescence also ceases, and differs in this from phos- 
phorescence, which IS the continued emission of light after the external 
radiation is cut off There are many fluorescent substances, eg calcium 
fluoride, uranium glass, liquids like petroleum, solutions of eosin, quinine 
sulphate, and many organic dyestuffs, such as litmus, in general Wood 
has also found that the vapours of iodine, sodium, and mercury fluoresce 
A law due to Stokes states that m fluorescence the wave length of the 
einitted light is always longer than the incident light Thus ultra-violet 
light can be absorbed by several of the substances above-named, and 
given out as blue-green fluorescence Apparent exceptions are Magdala 
red dye, chlorophyll, eosm and sodium vapour (the latter giving out a 
yellow-green fluorescence when stimulated by yellow light) — 


Source or Origin of the Radiation 


Radiation caused by exposure 
of the body to external radia- 
tion 

Gentle heating {not to a suffi- 
ciently high temperature to 
give temperature radiations of 
short enough wave length to 
be visible (the latter requires 
at least 360° C )) 

Friction or crystallisation 
Chemical reactions 
Electrical charge or discharge 


Name given to the Radiation 


Photoluminescence^ which is 
divided into — 

{a) Fluorescence 
{h) Phosphorescence 


I Thermoluminescence 


Tribolummescence 
Chemilumt nescence 
Electrolumi nescence 


radiation from a body is greater than that given by vStefan’s Law 
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luminescence 

1 '0''f 

Phosphorescence is shown ^7 

“.,““t.^ce' ^ PS«oT^S“*e 

portant point has been brought out in ces axe much mote 

hriVd«”?o 

or fluorescent substances In ac^ nassing^is taken to be 

vacuum tube while the discharge f P^^^tal We are i^debteU 

that the substance m question is a Urbain, for our know 

chiefly to Lenard and his pupils, as well as to 

ledge of this phenomenon i<; little to be . Knw- 

As regards thermolutninescence light waves. This, 

BuWcS on tang gnnSy ™™»i «‘!1 ' b“» 

ever only happens if the substa^nce f ®Xb,/this phenomenon, 

light The sulphides of the operty of pbosphorescence. 

which IS eviderhly closely J^f^mes^uce me 

Tnbolummescence and crystallolu example, when crushea 

many ordinary substances Sugar crystals of uranium 

nitrate. The process of sohdificatio 

some cases (e^. fused silver) is faurly 

Chemiluminescence is a 14. 453, 

chemical processes Trautz of sodium chloride from 

gives several instances the pre p dissolution of solid ®° 

folution by means of "Seuons evolving the evolutmn or 

hydrate in hydrochlonc acid , the t pyrogallol sha 

aLorpUon of gases, chiefly oxygen, as ^ ^ell a® 

with air, and formaldehyde mth hytogenp^^^^ 

comolex oxidaUons which go on durmg v phosphorus tnoxide, witti 

27^1 n. the m..»caon of h”‘ *rX*«.o. f h^^»J 

nltote end ejkalne eai*s, “ ’^.SaSnneooe "“Ction^ light effect. 
With these metals Besides *ese hj^og g^g_ Thus when a 

have been observed in hom^eneom^a^^^^^^^ 

rapid stream of acetylene mrxed ^ of whicti 

cvhnder, a feeble green flame can instances of chemilumin- 

«vewlow “Cold” “T^ferSacs of this phenomenon as 

escence Trautz sums '"P J^^ry general Its mtensity 

follows- Chemilummescence IS g^ction involved, (2) with the 

Sr I«r ) (I) vnth the beat effect of tjm temperature 

velocity of the reaction, and (3) e ° on the reacting system, 

The colour of the Inmmescence is d p temperature 

but IS independent of the ^rShJiomenon since the introduc- 

Electrolummescenceisafamitopu spectro- 

tion of the Geissler tubes for making g 
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scopic purposes It has been observed that the luminescence in some 
cases continues for a short time after the discharge has ceased, as m 
the case of phosphorescence The luminescence emitted by bodies 
(generally solids) when placed in a vacuum tube under the action of 
cathode rays, to which reference has already been made under fluor- 
escence, may also be regarded as electroluminescence effects, as may 
also be the effects on a zinc sulphide screen when bombarded by 
X-rays, or radioactive a and yS particles 

We have now discussed the problem of the different methods of 
light production Under the next heading we shall deal with photo- 
chemistry proper, z e the study of chemical effects brought about m 
systems exposed to radiation 


Photochemistry 

Geneml [cf E. Luther {Zeitsch Elektrochem , 14 , 445, 1908)) — 
Reactions which are either initiated or accelerated by radiant energy^ 
the wave length of which corresponds either to the visible spectrum 01 
to the ultra-violet, are termed photochemical reactions Such reactions 
are probably much more general than is usually believed Perhaps the 
most familiar instances are the effect of light on silver salts, a reaction 
which is the basis of photography, and the effect of light on the chloro- 
phyll of a plant leaf, which enables the plant to absorb oxygen, carbon 
dioxide, and water, and use these to build up the complex organic 
substances which are found in plants It is rather an arbitrary distinc- 
tion, of course, to limit photochemical reactions to the waves of the 
visible spectrum and the ultra-violet legion, for infra-red waves also 
represent radiant energy, though their influence is usually regarded as 
belonging to heat effects The wave-length limits for photochemical 
changes are therefore Soofx/ju (red) to area 300 or less (ultra-violet) 
As a rule, the shorter wave lengths, z e the ultra-violet region, are 
much more chemically active than the visible region The generalisa- 
^ tion which IS at the base of photochemistry is, only those waves 
I which are absorbed by the substance can be chemically active This was 
first stated by Theodor von Grotthus more than a century ago That 
no simple connection exists between absorption and chemical action is 
at once shown by the fact that many cases are known where a strong 
light absorption corresponds to practically no detectable chemical 
reaction, and on the other hand a marked chemical action takes place 
in cases ^ where absorption is apparently slight The expression known 
as Beer’s Law (1852) of light absorption depends essentially on the 
validity of the assumption that absorption is due to the numbei' of 
individuals in a given layer, each acting per se Thus if a solution is 
diluted to twice its volume and 2 ems of this latter solution absorb to 
the same extent as i cm of the original solution, the substance obeys 
Beer’s Law This principle may be expressed m the form — 

I = l^e-kc^ 
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where I, is the initial intensity of the light, I is the intensity after 
nassage^ through a layer of d cms , the concentiation of the absorbing 
?SLce being r, and k the absorpUon constant ? aTe 

take two substances at two concentrations an an i 2 

so chosen that the ratio I to lois ™ 

actions produced Lreby also proceed Pi^^^tn^wnTs 

darker L longer the exposure A sti^ing Pj^^t afterXnrex- 
solansation, however, has been observed, namely, ^ IStive 
posure to bright sunlight the image of the sun /PPf 
Lm on a dark ground Other instances of reversal effect are 
known, but no sLsfactory explanation has yet be^ ^red F 
details, r/ Sheppard and Mees’ Investiga^ns 
Photo^aphtc Process (Longmans, Green & Co , 1907) , ® ^ 

question of reaction Velocity an important ^h^ 

the connection between velocity and the intensity of the hght? It has 

to the light intensity This, however, can f ,e^,on 

absolutely accurate statement, for cases are knovm . . latter 

velocity increases more slowly than the light intensity f 

IS increased At this stage we have to distinguish two lig i ^ 

".tent 4= « *»!> >■«“ »*y “• Fn sMt.mny s.mpl;^ng 

at a ct.ly.mg That » .0 ..y, .t may ^oply 

which would of Itself proceed slowly in the dark rpartion 

negative catalyst Secondly, the light may 

which would otherwise not go aX all, or i as to whether 

reaction, different end products b«ng obtained accordmg a^to^^^^ 

a given reaction is allowed to take place m g latter 

Of course, optical catalytic effects maybe superimposed on the latter 

““/S*2i^drti;r»o.iytc »» pmc.. « 

follows 4 o„a Ti rpart with each other, then, ac- 

n„n4^ihrL:4r£4“i?hr4 .. wh,ch ...0^ *«=. 

on,nth=tok«- 

where a and 6 determine the order of may wnte for 

If now the same reaction takes place in the 
a given constant light mtensity the rate of the reaction 

oc [A]«[B]^ 

where a and /3 determine the ordM as a and 

important to note a given reaction may not he the 

.y. , in othei words It has been found, 

ST oSrthal rpStochemical exponents a and etc . are 
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never greater than, aie rarely equal to, and are usually less than the 
corresponding a, b, etc , terms Thus in light hydriodic acid splits 
into hydrogen and lodme, 0^2 HI H + I, r . a monomolecular re- 
action while m the dark the following takes place 2 HI -> H, + L 
t e a bimolecular action The photo reaction is here a catalysed one’ 
Under certain circumstances it has even been found that the photo- 
chemical exponent comes out zero, showing that the rate is independent 
of the concentration of the substance taking part This, however, only 
holds for a certain concentration range When the dark and light re- 
actions are of the same nature (the case discussed above), and when 
the rate of the dark reaction is not neghgible, compared to that in the 
light, It has been found that the total velocity may be written as a 
simple sum of both, te — 


Total velocity = ^i[A]»[B]* + 

If the intensity of the light is I, then m general — 

Total velocity = / 5 i[A]'*[B]'' + ^2l[A]“[B]^. 

Photochemical reactions, as a rule, have very small temperature 
coefficients So far we have regarded the reaction as going to a.n end 
Photi^hemical effects have also been observed in reactions in which an 

^ I ® This brings us to the phenomenon 

oiJ^tocMmtcal equilibrium, or, as we shall call it more accurately later, 
phofo-staiionap state " In such cases the light energy may oppose 
the chemical forces doing work against them, thereby giving rise to 
a stationary state, which differs from the equilibrium point in the dark 
It IS no longer simply a catalytic effect The photochemical stationary 
state, however, differs fundamentally from the ordinary chemical, as one 
would expect, m that, while the latter represents a permanent state for 
all time, the photochemical equilibrium holds good only as long as the 
light energy remains constant On withdrawal of the light, the reaction, 
if reversible, passes into the ordinary chemical equilibrium state A 
notable mstance of this is to be found an the transfoi mation of dianthra- 
cene into anthiacene, which has been mvestigated by Luther and Weigert, 
and which we shall discuss later ° 

A further peculiarity which has been noticed in connection with 
photochemistry is the so-called “period of induction,” an initial 
period durag which no reaction appears to take place, but at the con- 
clusion of which the reaction pi ogresses in a normal manner This 
was first observed by Bunsen and Roscoe in the union of hydrogen and 
I* due to secondary effects either of a physical or 

chemical nature and will be discussed later We may now pass on to 
consider some of the more important photo-phenomena in detail 


Division of Photochemical Reactions into Groups 


We shall here follow in the 
forward by F Weigert {Ahrens 
on thermodynamical grounds 


mam the division of the subject put 
Sammlung, Bd 17 , 1911), and based 
According to a well-known principle of 



DIVISION OF PHOTOCHEMICAL REACTIONS 411 

tKermodynamics a reaction which takes place in a vessel shielded from 
all external influence pioceeds in such a diiection that the free energy 
of the system decreases, and the reaction will cease when the free energy 
is a mmimum This is the natural course of the reaction under purely 
chercaA forces Such a reaction, in which free energy is lost, may be 
oS a riacnon involving a free energy loss , a decrease in free energy 
means that work has been or may be done Now when light falls upon 
a system it may act in two ways It may cause the system to cany out 
an ordinary reaction, involving a decrease in free energy, z . the re- 
action may go in the “ natural ” way, or, on the other hand, the light 
may ^ctalwy oppse the chemical forces and cause a natural ruction to 
be Lversed^or may initiate a reaction opposed to the natural one In 
such a casJthe free energy of the system, msteadof decreasing, actually 
increases This may be railed a free energy conservation ruction, or 
a reaSion mvolvmg an increase m free energy This sort of reaction 
will proceed until the light energy is no longer able to overcome the 
^ fnrres which have increased owing to the increase m 

opposmg '“Sle ot the system This sMonoy 

State will aepenu o disUnguished from an 

mass action, SO pouihbrium ” which is controlled entirely by the 
ordinary f ^^Orremoval of the hght the reaction may 
principle of n^s ^ctio ^ the case 

reverse itself, and y energy, we have therefore the pos- 

my be - 

m dm be 

ginning This group may ^ reactions, the irst 

(a) Reactions consisting depend on it in a purely 

of which is photosensitive, and the others uepenu 

chemical manner cataKst or produces an 

(^) Reactions in which photo-mLsitive m- 

actual catalyst which hastens th J* , ^ t This is an instance of 

action between the substances in the syste 

photocatalytic reactions asei 

II Photo-reactions in whuh the free e»ergy j 

by the hght t the stationary state is grates th« 

In these reactions the free energy reversible reactions. In 

at the beginning ^ simple (there are no cotserative 

these the photochemical ^ the “ dark reaction ’ (or re- 

Son,)'^ When ■bb'‘«“?”«p 1 rS»v®=» "T'S" L 

action takmg place in the dark) P ^ -yhe classical example of a 
(or reaction under the of anthracene to duuithmcene 

Reaction of this type is the pdymem 1” 


IS 


iction of this type IS the “the dark This t; 

fron. eene.* 
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these the reaction is complex, i e <x photosensitive U'a( lion and there- 
with one or more purely chemical (photomseiisitivc) i evictions The 
return path in the dark differs from that followed by the system m the 
light, and the reaction is really irreversible and the free energy deci eases, 
t e Class I 

Class I — Reactions Involving a Free Energy Loss, 

Group (a) — To this group belong the interesting examples of oxida- 
tion and reduction of organic compounds investigated by Ciamician and 
Silber Under intense radiation it has been found for example that 
nitrobenzene in the presence of alcohol is reduced first to phenylhydro- 
xylamine (which changes partly into p amido-phenol) and finally to 
aniline Similarly the nitrobenzene in the piesence of benzaldehyde 
passes at first into nitrosobenzene, the benzaldehyde being simultane- 
ously oxidised to benzoic acid 

An important class of substances belonging to this group are the 
photochemical sensitisers used m photogiaphy The true photo-reaction 
is the reduction of the silver bromide or chloride to some subsall, a 
quantity of halogen being set free This reaction by itself, as a matter 
of fact, as Luther has shown, is a simple reversible process involving a 
gam of free energy, i e in the dark the halogen unites with the subsalt 
to give the original salt, this latter reaction being in the “ natural ” 
direction When, however, the silver salt is imbedded in gelatine, as in 
a photographic plate, the colour change is observed to take plac e much 
more rapidly, and is now no longer reversible The gelatine has reacted 
with the liberated halogen according to the equation — 

zAgBr + gelatine 4* light Ag2Br + brominated gelatine 

The gelatine is here the photochemical sensitiser By the continu- 
ous removal of liberated bromine it has caused the silver salt to continue 
decomposing, and at the same time has caused the reaction to become 
irreversible The same sort of chemical sensitisation effect comes in if 
some silver chloride is placed m benzene and exposed to light The 
silver salt darkens, the benzene becoming chlorinated On the othei 
hand, if some silver chloride be placed m carbon tetrachloride and then 
exposed to light, the darkening is extremely slow, as the liberated halogen 
cannot react with the caibon tetrachloride These instances of chemical 
sensitisation are to be distinguished from physical sensitisation, to be 
referred to later 

Group (h) — Photo- catalytic reactions 

In these leactions the light simply hastens a process which would 
take place naturally This is the result of observation, as far as it goes, 
but It does not tell us anything about the mechanism of the hastening 
diocess In an attempt to advance a little further in this direction 
Weigert [Annal d Phystk^ 24 , 246, 1907) has put forward the 
following suggestions The accelerating effect brought about by the 
absorbed radiation is due in the first place to the foimation of a sub- 
stance, this primary reaction being a process involving a gam of free 
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»d |he subsmnce » 

thus takes place in a purely chemi^l manner, 

tion corresponding to decrease of free energy g photo- 

the mam reaction is really not f rSns 

reaction being the formation of the catalyst ™ 

for believing that, m a ’n m^ si?e, and 

photo-culync ,»c.» .s “i*' 

and chlorine to form hydrochloric acid, accor g 

H2 + CI2 2 HCl 

This reaction was first thoroughly 

in 1855 (Ostwald’s Klassiker, 34 and 38) It 

subject^f earlier work, the most imporUnt on| 

the statement known as the Grotthus-Draper ^ P ^Iso’made the 
those rays are effective which are absorbed p kpen exoosed 

extremely interesting observation that chlorine which had been exposea 

that the previously exposed chlorme reacted much more rapidly witn 





Fig 54 


(unde, 

the recombination of the gases under vanous conditions 

meter is shown in the figure (Fig 54 ) /g^turated with the hydro- 

This gas mixture was confined over water j 

gen and chlorine), the water wate^^ and the 

Ly hydrochlonc acid was formed it < 1 ’®®°!?®^^ ^g^ain amount 
meniscus in the horizontal capilla^ ,e a fiictor of great impor- 

The presence of water in the form o vap gases are very 

dry, then even in the presence formation 

slorfy The ™ter molecule, f ~re the first u.- 

of the photochemical catalyst ,, , . v nj^i^ction period, 

vesfigutom .0 full, tttdy,tlt« S,„ecU</.. was 

to which reference has already be mixture mcreased slowly 

observed that the sensitivity of t e g ^ gj^ days 

with time and reached a decreased enormously if small 

This sensitivity or induction maxi induction 

quantities of oxygen were added, and at the ®am" tim 
period is shortened by the oxygen so that witti i 3 P 
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present m the mixture no period of induction is shown, but the reaction 
takes place steadily at a very slow rate Also if the chlorine were pre- 
viously exposed to light, Mellor has shown that the induction period may 
be very much shortened , the induction maximum or sensitivity of the gas- 
eous mixture is, however, independent of the previous illumination 
These observations suggest that chlorine by the absorption of chemically 
active rays is (partially) changed into an “ active state , but this goes only 
a very little way towards explaining the very complicated phenomena of 
induction period and mducton maximum The recent work of Burgess 
and Chapman {Jour Chem Soc ^ 89 ? 1402, 1906) points to the induction 
effects as being accidental and not really a characteristic of the photo- 
chemical process ^ They have traced such effects to the presence of 
impurities, especially ammonia, in the water present or on the walls of 
the vessel Thus by using a quartz vessel whose surface adsorbs gases 
and water vapour to only a slight extent compared with glass, and by 
employing carefully boiled out water, the induction period was made to 
entirely disappear The phenomenon of “ photochemical extinction,’* 
which was also discovered by Bunsen and Roscoe, is, according to 
Weigert, of rather doubtful significance, and may be no more charac- 
teristic of the actual photochemical process than is the induction effect 
For a further discussion of such complications which belong to isolated 
instances, the reader is referred to Sheppard’s Photochemistry (this series 
of textbooks) As an instance of an inorganic photo-catalytic reaction 
m solution, one may mention the oxidation of iodine ion in acid solu- 
tion to the uncharged atomic or molecular state (Plotnikow, Zeitsch 
physik Chem , 58 ? 214, 1907) This reaction goes on of itself slowly in 
the dark The light effect is therefore purely a catalytic one The 
velocity IS very dependent on the presence of other substances in the 
system, such as copper sulphate, qmnine and acridine salts, chloroform, 
ether, and the nature of the acid used Plotnikow also made the in- 
teresting observation that the blue and violet which are in this case the 
chemically active rays are only very slightly absorbed Only a very 
small fraction of the radiant energy passing through the system is there- 
fore used to form the catalyst The reaction must therefore be a very 
sensitive one It shows, as has already been pointed out, how impos- 
sible it IS (at least at the present time) to connect chemical activity with 
magnitude of absorption 

Another instance of photo- catalysis in solution is the decomposition 
of aqueous sodium hypochlorite, according to the equation — 

NaOCl NaCl + O 

which proceeds according to the monomolecular law One other 
instance of photo-reactions in solution may be mentioned, namely, the 
oxidation of oxalic acid in the presence of iron oxalate The ferrous 
oxalate (which is red) oxidises itself to green ferric oxalate, according 
to the equation — 

2 Fe(CA) + H2C2O4 + O ->Fe 2 (C 204)3 -f H^O 

^ The photochemical union of Hg and CI 2 has been further examined 5y 
Chapman and Whiston (Trans Chem Soc , 115, 1264 (1919)) 
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In sufficiently intense light this becomes red once more, the action 
being represented by — 

Fe2(C204)8 + light -s- 2Fe(C204) + 2CO2 
The red ferrous oxalate is thus reformed, and the total reaction may be 
represented thus — 

H2C2O4 + O HoO + 2CO2 

The light in this case acts as a reducing agent on the fern salt, the oxalic 

acid being at the same time oxidised , , , . j „„i 

Another reaction, the oxidation of sodium sulphite to sodmm s - 
phate by atmospheric oxygen, is of interest because of the fart that it 
may be carried out thermally (that is, by infra-red radiation), and photo- 
chemically (by ultra-violet radiation) This reaction has een mves i 
gated by Mathews and Dewey {Journ Physical Chem , 17 , 
and by Mathews and Weeks (/ourn Amer Chem Soc , 39 , 035 . 
particularly in connection with the effects of catalysts upon the photo- 
chemical change In Vol I we have already briefly consi 
effect of certain catalysts upon the thermal reaction It is important 
observe that a catalyst which is efficient under one set of condition 
may be quite mactive under the other 

It IS found that uranium salts art as positive catalysts for the photo- 
chemical reaction m proportion to their concentrahon , 

the normal rate of reaction m Mathews’ experiments in the absence ot 
catalysts will be gathered from the fact that a o sN so u hours 

sulphite was oxidised completely by the light in 1®®® an T,toff 

One very remarkable discovery is that copper siflphate, which Tito 
found to be a very strong positive catalyst for the thermal t®act^^ 
exerts no measurable effect upon the photochemical .y™™® 

strongly inhibited the photochemical change, 

of K cc to I liter of solution, whilst esters had a much weaker 
negative effect Five drops of benzaldehyde ^ “^ad 

inhibited the reaction, whereas the same amount 
scarcely aa, negal.ve effect B«eta had 

glycerine both acted as strong negative catalysts or a catalytic 

Other substances examined, all of which exhibited ^ 
effect, were, urea (very feeble effect), pheno , quin rivndine the 
hydroquino^e In the presence of qumm® 

solution acquires a green colour, and with hydroqumone it becomes 

opalescent when exposed to the light ahsorotion of 

It IS fairly evident that we have to do 
light at certain regions of the spectrum It is | 

to possess a complete knowledge of the ' mHirates that such I 

subLnces participating m the reaction Mathews ^ 

measurements in the ultra-violet region are o thp ohenomenon of 

We have already nad occasion to refer to Phenomeimn 
chemical sensitisation Reference must also be made to a phenomamn 
known as ottual smsttisaUon This consists in “oiing a 
Uv^o a certam range of wave lengths by the addition of some foreign 
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substance (which does not^ however, absoib chemically any of the pro- 
ducts) to the system Thus silver bromide on a plate is sensitive to 
the short wave-length region (violet and ultra-violet) It is only very 
slowly acted upon by the red If, however, the silver salt is impregnated 
with some dyestuff, which absorbs the red, the plate is now sensitive to 
this colour The optical sensitiser must absorb the wave length to 
which It IS desired to make the silver salt sensitive Many dyestuffs 
can be used for this purpose and they are chaiacterised by the fact that 
they possess ‘‘anomalous refraction” in the region of the absoiption 
band For wave lengths slightly longer than those absorbed, such 
substances have an exceedingly great refractive index, and hence these 
act as very short wave lengths, to which the silver salt is itself sensitive. 
The use of orthochromatic plates depends on this effect It appears as 
if we are here dealing with a resonance effect, the vibration of the 
electrons of the dyestuff, intensified by absorbing the light, causing 
vibrations of similar amplitude in the silver salt molecules Besides 
the organic dyestuffs mentioned, it has been found that uranyl salts are 
also efficient optical sensitisers All these substances fluoiesce This, 
however, is not an essential property Thus Winther [Zeitsch Wissen 
Phot , 7 , 409? 1909) showed that the light sensitivity of theEdei reaction, 
namely, the reduction of mercunc chloride to calomel by means of 
ammonium oxalate according to the equation — 

2HgCl2 -f- (NH4)2C204 = HggCls + 2NH4CI H- 2CO2 
which takes place readily in the presence of ferric salt when exposed to 
light, is due to the sensitivity of the non-fluorescing ferric ion This 
latter is reduced in light to ferrous ion, and at the same time the oxalic 
acid IS oxidised by the mercunc chlonde How this takes place is, of 
course, obscure 


Similar instances of catalytic optical sensitisation have been observed 
by Bruner (Sitzber d Krakau Ak d Wissen , 192, 1910). JMaleic 
acid IS transformed mto fumaric acid in light, and this reaction is 
optically sensitised by bromine probably by the formation of intermediate 
compounds 

Let us now consider another well-known photo- catalytic chemical 
reaction, namely, the formation and decomposition of phosgene — 

CO + Ckt:COCh 

Of these three gases, chlorine is the only one which absorbs light (blue) 
m the insible region, and smce this system has been examined in glass 
v^sels (which exclude any ultra-violet), it can only be the chlonne which 
acts as or gives pe to the photo-catalyst Working at 500° C in pre- 
sence o ig t, Weigert found that the speed in both directions was 
accelerated as pe would expect if an ordinary chemical catalyst were 
m operation It vnll be observed, however, that in the formation of 
phosgene, the catalypg source, namely, the chlonne, diminishes, while 

catalyst increases Weigert looks 
dissociation as an optical sensitisation whereby 
the chlonne, which absorbs the blue, makes the phosgene likewise 
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sensitive to this colour, although by itself it would only be sensitive to 
some of the much shorter ultra-violet wave lengths In a similar manner 
Weigert has shown that chlorine can be used as an optical sensitiser for 
the union of oxygen with hydrogen to form water, oxygen with sulphur 
dioxide to form sulphur trioxide, and for the decomposition of ozone 
These reactions will take place in the absence of chlorme under the 
action of ultra-violet light, but can also be made to take place even m 
the absence of such short wave lengths, if chlorine be present m the 
system to make the blue effective The mechanism of such processes 
Weigert considers to be of the nature of a heterogeneous catalysis 
‘^The chemical action of the light in such cases might be regarded as 
consisting first in the formation of nuclei m the exposed gases much m 
the same way as clouds are produced in supersaturated vapours. One 
may call these ‘reaction nuclei,’ and their effectiveness is of similar 
nature to that of any heterogeneous catalyst, in that the reacting sub- 
stances are adsorbed in greater density on the surface, and m these 
places of higher concentration the reaction proceeds more rapidly m 
accordance with the principle of mass action It will be observed that 
the reactants themselves are not assumed to be photochemically sensi- 
tive In support of the above view one can cite the cloud formations 
in gases exposed to light, especially ultra-violet hght, the quantitative 
course of many light reactions, and the possibility of “poisomng” by 
the addition of traces of certain foreign substances 


Fhotochemual After-effects 

It has been found that in some cases the reaction proceeds even 
after the withdrawal of the light. This phenomenon, which is called 
the photochemical after-effect, is thus roughly analogous to phosphor- 
escence One finds this effect in the photochemical decomposition of 
iodoform (Plotnikow) , the transparent solution of iodoform m chloro- 
form becomes brown owing to the presence of lodme, and even after 
hght is withdrawn the deepenmg of colour continues for several ^ys 
Further, when a portion of a solution which has been expos^ for a 
short time to the light is added to a quite fresh solution the latter 
begins also to decompose Accordmg to Weigert, the assumption of 
heterogeneous nuclei formed by the light is sufficient to expto sucH 
after-efects m a very simple manner, for it is unhkely that such nuclei 
will break down immediately the light is withdrawn To the ^ 
of phenomena belongs that observed by Mellor, namely, that addition 
of exposed chlorine has the property of reducing or J-^moving ffie mdu^ 
tion period in the hydrogen and chlorme conibination ^ ^ 

after-effects have recently been obtained by Bruner ( foinpue* 

Scterues de Cracovte, 365. 1909) tte 

The formation of the catalyst m this case is. however, 
presence of oxygen since the effect cannot be observe 
free solutions 
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Apparently Reversible Reactions 

An example will make clear the meaning of this term Let us take 
the case investigated by Luther and Plotnikow {Zeitsch physik Chem , 
61 , 5x3, 1 90S), namely, the oxidation of phosphorous acid H3PO3 by 
means of hydriodic acid and oxygen We are here dealing with at least 
two consecutive reactions, the first of which is photochemically sensitive, 
the second not The photo-sensitive reaction is the direct formation 
of iodine from the hydriodic acid according to the equation — 

2HI + ^02 = I2 + H2O 

This goes on slowly in the dark and rapidly in the light The iodine thus 
produced is now used up by the phosphorous acid, to reform hydnodic 
acid and phosphonc acid, according to the equation — 

HgPOa + I2 + HO ->H3P04 + 2HI 

Under the action of light the system becomes brown, due to the 
formation of iodine (I2) If the light is removed, the solution becomes 
colourless again, owmg to the second reaction On further exposure 
the brown colour is again developed, and may again be removed by the 
withdrawal of the light This has all the appearance of reversibility, 
but IS not so in reality, for gradually the phosphorous acid (H3PO8) in 
the system is bemg oxidised, and when this is complete the second re- 
action will no longer take place, t e finally a stage is reached at which 
the solution which has been coloured m the light is no longer discoloured 
in the dark An end pomt has thus been reached, the total reaction 
bemg thus represented by — 

H3PO3 + i02 = H3PO4. 

The end pomt differs from the initial point, and the reaction has 
gone m the natural direction, i e the free energy at the end is less than 
at the begmning The light has only acted, therefore, as a photo- 
catalyst, and the process does not really involve a gain of free energy 
at all Such reactions belong, therefore, to the section already dis- 
cussed of those in which the ffee energy decreases. It is only in true 
reversible reactions that the free energy may be made to increase by 
the action of the light. 

Class II — ^Reactions Involving a Gain of Free Energy 
True Reversible Reactions 

As already defined, these reactions retraverse in the dark exactly the 
same path they have traversed m the light Under the action of the 
light a stationary state is reached as has already been discussed It is 
of importance to ask the question, What will be the effect of a catalyst 
on this stationary state ? If this were an ordinary chemical equilibnura, 
a simple catalyst should hasten both the direct and reverse reaction 
velocities to the same extent, leavmg, therefore, the equilibnum point 
unchanged The stationary state is, however, not brought about by 
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hvo opposed mass-action effects On the one hand, there is a true 
mass-action effect, which will manifest itself by the system retummg to 
the initial state if the light be removed Opposed to this, when the 
light IS on we have not a mass-action effect, but an optical effect of 
electromagnetic ongin, so that the direct (optical) and reverse (mass 
action) reactions are of different ongm, and hence one would not expect 
a catalyst to affect each in the same way In other words, it is conceiv- 
able that the stationary state should be altered by the presence of a 
catalyst We find an illustration of this in the photochemical decom- 
position of dry and wet carbon dioxide respectively Thus under the 
MUon of ultra-violet light when the gas is absolutely dry, almost 50 
per cent ^ of the carbon dioxide is decomposed into carbon monoxide 
and oxygen (the oxygen bemg at the same Ume slightly ozonised) The 
stationary state here corresponds to very large dissociation, such dis- 
sociation bemg possible because, as Dixon has shown, the mass-action 
reunion of carbon monoxide and oxygen scarcely takes place at all when 
the gases are very dry If, on the other hand, we start with moist car- 
bon dioxide and expose it to light, practically no dissociation can be 
observed In this case the water vapour, which is the catalyst, has a 
very great effect on the carbon monoxide-oxygen combination, so much 
so that the stationary state is shifted over quite to one side 

A good illustration of reversible photochemical reaction m the gase- 
ous state IS that of oxygen passing mto ozone, the equilibnum bemg 
shifted by light The ionisation of a gas by ultra-violet hght is anotoer 
illustration Positive and negatively charged particles are produced m 
equal numbers, and on removing the hght these recombine slowly. 

Probably the most important photochemical reaction from a tectoi- 
cal standpoint is that of the reductton of silver chlonde or other sdver 
salt Luther has shown {Zettsch phystk Chem , 30 , bzS, 1899) tha 
the pure salt in the absence of gelatine or other foreign substance decom- 
poses m the light in the direction — 

2 AgCl Ag2Cl + Cl 

and on removal of the light the free chlonne reunites with the subsalt 
according to the equation — 

AgjCl + Cl->AgCl. 


To a given light intensity there conesponds a definite stationaiy state 
In connection with this reaction it is of interest to mention ^ obs^a- 
tion of Baker (Jour Chem Soc, 782, 1^92) that absolutely d^ sAwr 

chlonde m presence of light does not d^iken {he^ectacal 

trace of water vapour acts as a catalyst The alteraUon artnnn 

properties of solid silver chlonde, selenium, ^ “ tion ^ 

of l^t IS also probably an mstance of reversible 
which the free energy is mcreased by the lig w little is 

and phosphorescence probably belong to the sam gr P> rhsm 
known in this direction In these cases Waentig (Zettsch phystk Chem , 


I Chapman, Chadwick and Ramsbottom, Jowr Chem Soc , 91, 942, ^ 9 ^ 7 - 
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51, 436, 1905) has suggested that under the action of light a new sub- 
stance IS formed (even in very small quantity) and this substance is 
retransformed into the original with emission of light This view seems 
to be supported by the following observation on the effect of temperature 
upon fluorescence and phosphorescence made by Nichols and Meritt 
[Phys Rev , 18, 355, 1904) It was found that on cooling to very low 
temperatures, fluorescent substances become phosphorescent, and sub- 
stances which phosphoresce at ordinary temperatures no longer emit 
light If we assume the above photochemical mechanism of the pro- 
cess one would expect the reaction to have a temperature coefficient, 
and hence the rapid change which at ordinary tempeiatures produces 
fluorescence would become slow at low temperatures and proceed even 
after the withdrawal of the incident light, / e fluorescence would become 
phosphorescence. Similarly, if a certain speed of reaction is necessary 
before any light can be emitted, it is conceivable that the slow phos- 
phorescent reaction might become too slow at the lower temperature 
to emit any light at all 

The Photo- Decomposition of Water Vapour 
(Cf A Coehn, £er d Deutsch Chem Gesell , 33, 880, 1910) 

On exposing a mixture of electrolytic gas (hydrogen and oxygen) to 
the action of ultra-violet light produced by a mercury lamp, Coehn 
showed in a very conclusive way that the gases combined (the tempera- 
ture being about 150° C ) with one another “ practically completely " 
to form water vapour The extent of the combination was so great 
that no determinable quantity of either gas remamed Now, combina- 
tion is the “ natural direction of the reaction, and can be brought 
about by local heating (2 e by an electnc spark) It might seem, there- 
fore, that the light only acts as a catalyst of a reaction which would go 
of Itself mfinitely slowly This conclusion is, however, not necessarily 
the correct one, and it is rendered still less certain by the behaviour of 
other gases, such as sulphur trioxide dissociating into sulphur dioxide 
and oxygen SO3 SO2 + O, in which the light was shown by Coehn 
actually to do work against the chemical forces The only way to 
settle whether light can cause a reaction involving an increase in free 
energy in the system hydrogen, oxygen, and water vapour, is to find 
whether the hght can shift the natural equilibrium point reached by the 
system m the dark We may be able to decide whether this is the case 
or not by starting with the system H2O vapour alone and exposing this 
to light From the experiments of Nernst and von Wartenberg {Zettsck 
physik Chem , 56, 543, 1906), it can be calculated that at 150" C the 
quantity of hydrogen and oxygen in thermal or “dark'* equilibrium 
with water vapour is only of the order 10“®® per cent , that is to say, 
far below actual detection even by the most sensitive reagent The 
action of light may be to cause this dissociation to increase, though at 
the same time it is evident that such photochemical action would have 
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to be very great before any appreciable quantity of either gas made Us 
appearance Even if negative results were obtained it would stiU leave 
the question undecided, since there might have been quite a consider- 
able though still undetectable effect upon the equilibrium in such a 
case Coehn investigated this problem m the following way The 
water vapour was led in a slow, steady stream through a fine quartz tube 
close to the lamp (m fact, almost into the centre of the light source it- 
self), and then finally into a eudiometer over mercury The eudiometer 
allowed readings to be conveniently made down to 001 cc After 
only half an hour’s exposure Coehn found o 03-0 04 c c of gas produced, 
above the layer of condensed water vapour, which proved itself to be 
electrolytic gas by exploding completely under the action of a spark 
Ultra-violet light, therefore, causes water vapour to dissociate to 
hydrogen and oxygen to an immensely greater degree than that pro- 
duced by heat alone Light must do work, therefore, against the 
chemical forces, and the photo-dissociation of water vapour is a process 
involving an increase in free energy Coehn next proceeded to investi- 
gate the photochemical stationary state By causing the vapour to pass 
through the apparatus at different speeds, Coehn found that with a rate 
slower than that in which 4 35 c c of liquid water per hour collected m 
the eudiometer, no further increase m electrolytic gas was produced 
The quantity of gas actually produced in this limiting case was o 88 c c 
Using the results of several expenments, the calculation of the degree 
of photochemical decomposition of water vapour (at 150° C ), when 
the system has reached the stationary state, showed that this is at least 
o 2 per cent This is about the same as the experiments of Nernst 
and von Wartenberg have shown to be the case for ordinary thermal 
dissociation in the neighbourhood of 2000® C This photo-decomposi- 
tion, as Coehn points out, is probably of considerable importance m 
meteorology, in connection with the behaviour of water vapour m the 
upper layers of the atmosphere ^ , i. 

Besides gaseous reactions, attempts have been noade to find whether 
electrolytic dissociation is affected by light, but the results have turned 
out negative, due no doubt to the very great velocity of ionic reactions 
As regards organic reactions which probably involve an mcrease m free 
energy, one may mention the transformation of maleic into fumaric 
acid, and cinnamic into a-truxillic, and, above all, the polymerisation of 
anthracene to dianthracene m light (the depolymensation taking place 
in the dark), investigated very carefully by Luther and Weigert This 
latter reaction has been used as the basis for extensive theoretical treat- 


ment, and this will be dealt with later 

There are, of course, many other photo-reactions in the domam of 
organic chemistry, but they are, as a rule, complex, and m such cases 
It IS either difficult or impossible to determine whether the free energy 
increases or decreases One important instance of complex reactaons 
in which the free energy is increased merits a more detailed descry tion 
on account of the part it plays in biology, namely, the assimilation of 


carbon dioxide by plants 
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This consists essentially m the transformation of the system 
(CO2 + H2O), which has very little free energy, into the system (Starch 
+ O2), which has a great deal of energy The total energy difference 
{not the free energy difference) is practically that corresponding to the 
heat of combustion of the starch and amounts to 685 calories per for- 
mula weight (CgHioOg) The possibility of this reaction occurring is 
intimately connected with the presence of the green colouring matter, 
the chlorophyll, present in the green parts of the plant The relation 
of these substances to one another is, however, very complicated For 
example, if we take an extract of chlorophyll and expose it to light the 
dye IS bleached, but no permanent assimilation process goes on The 
chlorophyll does not act as a catalyst, for if this were the case it could 
only hasten a reaction which would proceed slowly of itself, t e with a 
decrease m the free energy The opposite course, as a matter of fact, 
is followed, the “ natural ” chemical forces being opposed and overcome, 
the free energy thereby increasmg The chlorophyll must therefore be 
used up in this process, the loss bemg made good by the living plant 
It IS no longer considered likely that the starch is the first substance 
formed , there are good grounds for believing that formaldehyde is the 
first substance formed and that it polymerises to higher carbohydrates 
Another view, with less experimental justification however, is that the 
first product consists of formic acid and hydrogen peroxide , whilst a 
third view assumes the primary formation of oxalic acid from which 
formaldehyde and formic acid could be produced It will be seen that 
no definite conclusions have as yet been reached 

The temperature coefficient of photochemical reactions is in general 
very small, but the carbon dioxide assimilation does not follow this ride 
Thus between 0° and 10° the coefficient is 2 4 , between lo*" and 20° it 
is 2 I , and between 20° and 30° it is i 8 

As regards the question of the velocity of assimilation and the colour 
of the light ^ employed. Draper showed many years ago that a maximum 
velocity was obtained with the yellow-green rays This is m agreement 
with the general law that the rays which are absorbed are the chemi- 
cally active ones Draper’s observation holds only for thick layers m 
which the absorption is nearly complete For thin layers other parts of 
the spectrum play an important part In connection with this it is of 
importance to note the observations of Engelmann {Bot Zeitung , 1883- 
84), who found that not only were the green cells of the plant capable 
of the assimilation, but likewise the brown and even red cells, and that 
the extent of the assimilation followed the same course as the optical 
absorption Experimental results bearing upon this were obtained by 
Luther and Forbes in the quinine-chromic acid reaction Since the 
ultra-violet waves were completely absorbed, even in very thin layers, 
while the violet were only slightly absorbed, by increasmg the thickness 
of the layer, the amount of ultra-violet absorption would remain un- 
changed, but that of the violet increased The spectial region of maxi- 

^ For a discussion ot “ Light Filters ” cf Plotnikow (Zettsch phystk Chem , 79 » 
369, 1912) , also C Winthcr {Zettsck Elektrockemte^ 9, 389, 1913) 
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mum effiaency depends therefore on the thickness of the layer, and this 
maximum does not necessanly correspond with the region of maximum 
absorption (the ultra-violet) In the green plant cells there is an optical 
absorption maximum m the red and in the blue, and a minimum in the 
green, whilst the yellow-green (for ordinary thicknesses) corresponds to 
the maximum assimilation efficiency.^ ^ , r , 

Attempts have been made to determine the ^uncy of fhotocnenucal 
reactions quantitatively By the efficiency is meant the ratio of ffie 
radiant energy turned into chemical work to the total energy absorbed 
by the system In the case of the carbon dioxide assimilation this 
problem has been very thoroughly investigated by H T Brown and 
F Escombe, PM Trans, 223,1900, Proc Roy Soc 76 6, 29, 

1905 Brown measured the quantity of carbon dioxide taken up by a 
leaf in a given time, and supposing it turned into a hexose, the energy 
transformed is simply the heat of combustion (with the sign changed) 
of the hexose (namely, 3760 cal -grm ) , i c c of carbon dioxide corre- 
sponded therefore to 5 02 calones of transformed light energy It was 
observed at the same time that the assimilative power of the light was 
practically independent of the mtensity of the hght, this rather surprising 
result being probably due to the fact that under ordinary conditions the 
rays which were effective were m large excess,* the greater quanUty 
passmg through absorption (and therefore not entermg into the 

efficieLy term as defined above) Brown further observed with a given 
leaf that the heat equivalent of the total light absorbed corresponded 
to 0041 calories per cm* per minute, and that this correspond^ m 
turn to the assimilation of o 00034 c c of carbon 
minute Now the actual energy transformed mto chemical work durmg 
the assimilation of 000034 cc of CO2 is 000034 x 502 cals, or 


o 0017 


or 4 I 


0-0017 cals per cm * per mmute, and hence the ratio of ^ 
per cent is the feruntage of the hght transformed, in other words, the 

^e^^y When, howe^.all allowance is made for the r^ection of 

t&ght at the surface of the leaf and likewise the light which is simpty 
transformed into heat without doing ^y chemical work, t^t 

q 8 oer cent or practically all the hght energy actually absorbed by the 
chlLphyll, IS converted into chemical work 

lation the original papers must be consulted This large etnciency 
mvestigated and is probably connected in some 

the pknt cell is “hving” For the discus^on of the anthmcene- 
diandiracene case, cf Weigert, ^ 1 ' ^Se^nd Law of 

TheTm^d^rmict::^'" -y 
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T — T 

efficiency is given by . where To is the temperatuie of the source 

of hght and T the temperature of the reactmg system In all ordinary 
cases T is small compared to Tq, so that the thermodynamic efficiency 
IS practically unity The efficiency of a photochemical reaction is, 
however, evidently not determined by temperature alone 

We may conclude this brief account of the carbon dioxide assimila- 
tion process by describing Baur’s carbon dioxide assimilation model 
To appreciate this, however, it is necessary to say something first about 
photo-voltaic cells m general 


Photo-mltaic Cells 

(Cf Baur, Zeitsch phystk Chem , 63 , 683, 1908, N Titlestad, 
Zeitsch phystk Chem , 72 , 257, 1910, E Baur, Zettsch fihystk 
Chem, 72 , 323 ) 1910 ) H Schiller, Zettsch phystk Chem , 80 , 641, 
1912) 


When metals and other substances (solid salts) are exposed to ultra- 
violet light. It has been found that electrons in the free state are emitted 
from the surface In some cases positively charged particles are also 
emitted This phenomenon, which has been fairly thoroughly investi- 
gated, is known as the “ photoelectric effect This behaviour does 
not appear, however, to be identical with the phenomenon which we are 
about to discuss and known as the “ photo-voltaic effect In the latter 
we are dealing with the effect of light upon the electromotive force of a 
voltaic cell, that is with the effect of light upon electromotive behaviour 
of 10ns in aqueous solution Although sufficient work has not yet been 
carried out to allow us definitely to say what the mechanism of the pro- 
cess IS — it may be, for instance, an alteration, or tendency towards altera- 
tion, of the ordinary ionic equilibrium relations — yet the phenomenon is a 
marked one, and from its nature seems likely ultimately to throw a great 
deal of light upon the mechanism of photo-effects It is necessary, 
therefore, that the student should make himself familiar with the phe- 
nomenon even at this stage The sort of reaction which lends itself 
most readily to an investigation of this kind is that involving ionic 
oxidation or reduction We shall restnct ourselves to a single case, 
namely, solutions of uranyl- and uranous salts First of all let us con- 
sider the following system — 


Platinum 

electrode 


Solution of 
uranyl 10ns and 
urano 10ns 


Saturated 

KCl 


Calomel or 

hydrogen half element 


when unexposed to light In a solution containing metallic uranium 
with uranous and uranyl salts, the equilibrium point lies over to the 
uranous side, t e considerable uranous concentration and small uranyl 
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concentration Unless we happen to have chosen the equilibrium 
concentrations, a mixture of the two salts in the absence of the metal 
will exhibit an oxidation or reduction potential at the platinum elec- 
trode It will be remembered that the platinum takes no part m the 
reaction , it simply serves as a means of transferring electrons to or from 
the solution, when the system is set up in the form of a cell such as 
that indicated above If we make up the solution so that it contams an 
extremely large excess of uranous compared to uranyl ion, there will 
be a tendency to form uranyl at the expense of the uranous That is, 
there will be a tendency for electrons to leave the uranous 10ns, and 
they can only do so by transfer to the electrode We have the follow- 
ing reaction tending to take place — 

XJ+4 - 2® U+® 

In such a case an oxidation process is tending to go on as regards the 
uranous-uranyl salt mixture (Naturally if some foreign substance were 
added which could be reduced by the uranous 10ns, reduction of the 
foreign substance would take place m order that the uranous ions might 
be transformed into uranyl This, however, would naturally not re- 
quire an electrode, and would take place simply in a test tube, no 
electromotive force being obtained from it The electromotive force 
which one obtains, however, in the case under consideration is a 
measure of the chemical effect of the uranous-uranyl salt nuxture upon 
an oxidisable or reducible foreign substance ) To return to the case of 
the cell If the reaction — 

XJ+4 - 2 ® 

tends to occui or actually does occur even to a slight extent, there will 
be a transfer of electrons from the solution to the electrode That is, 
current tends to flow from the electrode to the solution inside the cell 
When the solution contains an excess of uranyl 10ns present, the 
ions now tend to transform themselves into 10ns , that is, a reduc- 
tion of uranyl tends to go on at the electrode according to the equa- 
tion — 

+ 2® 

Current now tends to flow from the solution to the electrode Title- 
stad’s experiments show that over the entire range of uranous-uranyl 
mixtures examined by him the electrode was positive with respect to the 
normal hydrogen half element, that is, reduction of uranyl was tendmg 
to take place The following numerical values are a few of those given 
by Titlestad, , and will illustrate the above processes — 


Millimoles 
of UO2SO4 
per iter 

Millimoles 
of U(S04l 
per Liter 

Millimoles 
of H2SO4 
also Present 

Potential of the 
Electrode against the 
Normal Hydrogen 
Electrode in yolts 

Electrolytic Poten- 
tial e in Volts (Cal- 
culated) against 
the Hydrogen 
Electrode 

40 

12 

502 

+ 0353 

1 0 402 

27 

24 

502 

+ 0341 

0 404 


36 

504 

+ 0321 

0 402 
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The mean value of € obtained from an extended senes is— 
c *= 0 404 ± o 012 volts (against Hg electrode at 25® C). 

It may be pointed out that we have treated the uranyl ion TJOg"^ as 
though identical with This is justifiable — ^as far as electromotive 

force values are concerned — since there is always an equilibrium existing 
between the two owing to hydrolytic decomposition, viz — 

UO2++ + 4H U+6 + 2H2O 

Since, however, the UOg'^’^ is always present to a much greater extent 
than It is usual to write the reactions with respect to uranyl 
Thus the oxidation or reduction reaction which tends to take place at 
the platinum may be represented by — 

+ 2 @ =» 


and when one takes into account the total reaction in the cell, using 
the hydrogen electrode as the other half element, the reaction equation 


IS — 

UO2++ + 4 H- + 2 @ = + 2H2O 


Employing the usual Peters’ formula, we obtain for the observed 
electromotive force of the cell the expressions — 


2F 

€ + O 028 log 


[U+<‘] 

[U02++][H-]* 


from which € is calculated. 

Expenment has shown that the above is a truly reversible oxidation- 
reduction process ^ Now we turn to the question of the behaviour of 
such a system under the action of light Titlestad, I c , employing 
ordinary platmum foil electrodes, set up a cell consisting simply of — 


Platinum 


Urano- 

Urano- 

uranyl 

uranyl 


Platmum 


one-half of which was exposed to the light of a Nernst three-filament 
lamp, the other half being kept in the dark Under these conditions the. 
cell showed quite a marked and steady electromotive force when unflahn^ 
ised platinum was used Such a combination is a photo-voltaic cell 
(Such a cell in the dark naturally gives rise to no electromotive force at 
all, since the two halves are identical ) The following table will illus- 
trate the magnitude of the effects referred to — 


^ Naturally whether a reduction or oxidation takes place in the cell depends to 
a large extent upon the other halt element used, since the nett direction of current 
depends on the P D *s of both electrodes In some of Titlestad*s experiments, 
N 

using the — calomel electrode, oxidation instead of reduction actually took place. 
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Temperature, *5° C 

Light Intensity = 

a (Titlestad’s Scale) 


Percentage Composition 

25U+* 

75 U+= 

Percentage Composition 

75U+* 

Conditions of 
Observation 

Time m 

E M F in 

Time in 

EMF m 


Minutes 

Millivolts 

Minutes 

0 

Millivolts 

- 16 

Light off 

2 

- 254 

2 

- 27 7 

Light on 

4 

- 42 6 

4 

- 404 


12 

- 67 9 

12 

- 57 5 

»i 

16 

- 71 3 

16 

- 58 


24 

- 72 6 

28 

- 58 

>» 

2 

- 65 

2 5 

- 48 

Light off 

20 

- 41 I 

20 5 

- 23 

>> 

40 

- 30 I 

40 5 

- 145 


50 

- 26 4 

60 

- 10 

»» 


The light causes the exposed electrode to become negative compared 
to the other, / e current tends to flow inside the cell from the exposed 

to the unexposed electrode ^ , 

With constant light intensity the final or maximum values reacnea 
when exposure has been continued for a long time are dependent upon 
the composition of the mixture The greater the amount of uranous 
salt present compared to uranyl, the smaller are the values of the 
electromotive force That is to say, the more uranyl present, the more 
negative is the exposed electrode Titlestad confirmed Baur s observa- 
tion, VIZ that there is a logarithmic relation between the intensity of the 
light and the maximal photo-electromotive force Since the maximal 
photo-electromotive force is a function of the total concentration of 
uranium salt as well as of the sulphunc acid content, it is clear that e 
photochemical potential cannot be treated as a function of temperature 
and light intensity only In other words, the photochemical potent^ 
of the urano-uranyl sulphate electrode does not obey the law of osmo c 
work The equation which holds for the system in ilu dark, vtz 

^ ,« 1 .. ruo 2+-^][H-]'^ 

TT = € + O 028 log j-y^4-| 


cannot therefore be applied to the electrode exposed to light by simply 
adding a factor dependent upon the light intensity alone This shows 
that the “ light intake {LtcMaugung) is not a constant for a given 
substance, but depends on its concentration and possibly upon the 
presence of other substances The existence of the phenomenon o 
PosihvtenmgR that is, the fact that the electromotive force after ex- 
posure has ceased, not only returns to zero in some cases, but actually 
crosses the zero point and sets up a potential difference m the opposi e 
direction (the electrode now being positive), shows further how com- 


plicated this phenomenon is 
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Some measurements have been made upon pure urano sulphate 
solution, and the careful deteimmations made by Schiller have shown 
a slight positive effect followed by a large negative one ^ That is, on 
eiqiosure the electrode becomes first positive and then reverses, becoming 
markedly negative even as high as o 3 volt We must assume, there- 
fore, that both uranous and uranyl 10ns are photosensitive (as Schiller’s 
experiments with solutions of the pure salts have shown), and further 
that the uianous is much more sensitive than the uianyl With a 
solution of pure uranous salt exposed to light in the cell, the exposed 
electrode (ultimately) becomes negative This naturally fits in with the 
supposition that the light tends to increase the oxidising tendency (/ e 
the transfer of electrons to the exposed electrode) What the mechanism 
of the process is we do not know Baur simply considers that the light 
alters the thermodynamic potential of the 10ns to different extents 
This is no doubt true, but is too general to be regarded as an explana 
tion Baur further considers as possible the following reactions at the 
exposed region — 

2 U«^U* + U» 

3 U< 2U® + U« 

U‘ + 

The substances on the right-hand side being unstable, those on the left 
must have their chemical potential raised by the light m order to pro- 
duce them For further information upon this interesting subject the 
papers quoted should be referred to 


E BauTs Carbon Dioxide Assimilation Model 


The problem of the assimilation of carbon dioxide from the stand- 
pomt of reversible thermodynamic process has been approached in a 
very mgenious manner by Baur {Zeiisch physik Chem , 63 , 683, 1908), 
and although this is by no means the final solution of the question, it is 
of importance in at least pomting the way In the actual case carbon 
dioxide IS by some means reduced through the action of sunlight and 
the chlorophyll, the ultimate products bemg complex organic compounds 
With such an arrangement as this, about which we know practically 
nothing. It would be hopeless to attempt to visuahse any reasonable 
reversible mechanism of the processes involved Baur has therefore 
confined his attention to a more simple process of an analogous nature 
The first question which anses is, What is the first step in the process ’ 
Baur assumes that the carbon dioxide is first converted into oxalic acid 
We shall accept this provisionally as correct This in turn probably 
produces formic acid, and this in turn formaldehyde, which may poly- 
merise into the carbohydrates and oxyacids which we know to be formed 
as final products in the plant Let us confine our attention to the first 
step only, namely, the conversion of caibon dioxide into oxalic acid 


^This occurs not only in the case of pure uranous salt, but also when some 
uranyl (up to lo per cent ) is likewise present 
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The simplest way of looking at this is to regard it as an electrolytu^to- 
cess taking place at an electrode of pure platinum, the elechode being 
necessary as a transfer of electrons has to take place m order to allow 
the process — ^ ^ ^ 

to take place This is the fundamental equation of the step as written 
bv Baur Since, however, we do not as yet recognise the physical exis- 
tence of positive electrons, the following modification of the equation 
would appear to correspond more closely to an actual process, mz 
2CO2 4- 2 0-> C2O4 

That IS, two uncharged molecules are su^osed to 

(from the electrode), thereby forming the anion of oxalic acid If 

Lt UD a cell one half being the calomel or hydrogen electrode, the 

other^alf element being a piece of platmum dipping into an aqueous 

solution of carbon dioxide, and neutral electrolyte, we should a 

certain electromotive force correspondmg to the process indicated above, 

and we should expect some of the carbon dioxide to disappear, and 

oxalanion to be produced in the solution Such a proems, 

even m powerful^ht, does not apparently take place rapidly enough to 

Xw^potential Lasurement If it goes on at all it is only mfinUdy 

slowly What we have to do, therefore, is to try and catalyse it y 

maViTiff use of a rapid ionic reaction of the oxidation-reduction typ , 

rSte si mi. th. list, .n pan 

-.Inch, as a .hoi., mast be tCTeisible A possible 

out IS effected by Baur's model, the catalysts employed being ferrous 

and ferric salts land silver chloride a 

The model is shown diagrammaticaUy m the figme (Fig 55) ^ 

vessel IS divided into three chambers, «, h, r, by a P^oto^ onde slab 
S a semi-permeable membrane The entire vessel is filled mth a 
ddute solution of hydrochlonc acid The photochlonde is a homo- 
geneous solid solution consistmg of silver chlonde 
LTk Sidilmg Zettsch phystk Chem,n 1911 ; also Remders, 

influence the silver chloride could react with the water in (a) accoroing 
to the equation — 

2AgCl + H2O 2Ag -1- 2HCI + iOa 

1 The use of uon salts is natwally 

fthysik Chem , 72, 308. ^ 91 °) that a ^ atmosphere pressure, 

Lalate in the presence of carhon f 5° C ^and a^ ^being formed 

slowly absorbs a small amount o , notential of ferrous and fOTic oxalate 

Also measurements of the ^ obtained and that using different con- 

ions have shown calculate way the electrolytic 

centrations of ous and tc salt, one ca Teqnect to the hydrogen electrode 

potential e, which is found to he o 02 v found that feme 

All these effectsrder to reactions in the dark In the iigmnau 
oxalate solution gives off carbon dioxide 
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rises We shall see the significance of this in a moment In compait- 
ment c we have some ferrous oxalate and feme oxalate ions (from the 
corresponding potassium salt) As already stated, these are in equi- 
librium, the reaction between them being — 

K3Fe(C204)3 K2Fe(C204)2 -f |■K2C204 -f- CO2 

This reaction is a reversible one Stating the above reaction in terms 
of ions and using the symbol ^ to indicate that equilibnum is estab- 
lished, we may write — 

Fe(C204)3"' Fe(C204)2" + IC 2 O 4 " + CO 2 ( 1 ) 

Above the compartment (t) there is a space containing carbon dioxide, 
and the pressure of the carbon dioxide is one of the determining factor? 
of the ionic equihbrmm referred to in equation (i). 



The feme and ferrous complex 10ns which take part in (i) will also 
further decompose according to the equations — 

Fe(C204),"' it Fe+++ + 3(0204)" (2) 

and Fe(C204)2"itFe-H--i. 2(C204)" (3) 

The semi-permeable membrane is supposed to be permeable to the ions 
Fe+++ and Fe++ and also to hydrochloric acid It is impermeable to 
the complex 10ns Fe(C204)3"' and Fe(C204)2" In chamber (3) we 
shall therefore have ferrous and feme 10ns, these being m equilibrium 
with those in chamber (c) smee the membrane is quite permeable to 
these The potential of the ferri-ferro equilibrium is so arranged that 
it is identical with that of the photochlonde against the hydrochloric 
aad or Cl' in (3) 

As long as (a) is unexposed to light the whole arrangement is in 
equihbnum Now suppose hght passes into (a), as indicated in the 
diagram. The following reaction, as we have already seen, occurs m 
(a)— 

Light + sAgCl -I- H2O zAg + 2HCI + i 02 


(4) 
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The silver produced by this means diffuses evenly through the photo- 
chloride, and part of it appears at the other side of the slab 
this (M side there was a potential between the photochlonde and tne 
CV and the ferrous-ferric solution, the equilibrium having been altered 
owing to the altered composition of the solid photochlonde As this 
now contains too much silver, we should have the following reaction 
occurring — 

Ag -h Cr (from the HCl) Hh Fe**"'*”'*" AgCl + Fe (5) 

Some ferrous ion has now been produced m {!) at the expense of the 
ferric Diffusion of these 10ns in opposite directions occurs across the 
membrane, some ferric passing into ( 3 ) and some ferrous passing into 
(c) The ferro-fern ion equilibrium in (^r) is thus upset, theie being 
now too much re++, and in order to reach the equilibrium agam some 
of the ferrous has to disappear and give rise to ferric accordmg to the 
equation— ^ ^ ^ 

In this If St process some of the carbon dioxide has been used up to 
form C2OA which is the desired reaction, and this may now take place 
rapidly since it is part of the naturally rapid ionic adjustment ciaracteristic 
of ferrous-feme mixtures The nett result of equations (i) to ( 6 ), as 
will be found by adding them together, is 

2CO2 -I- H2O -I- light -> H2C2O4 -t- i 02 
The photochlonde and the iron salts act only as mtermediaries 

The fact that each step of the process is of a reversible kind allows 
one to conclude that if the oxygen and oxalic acid which have been 
produced as above under the action of hght be now set up in the form 
of a cell containing electrodes, reversible with respect to o^gen and 
oxalic acid respectively, we should receive an electromotive force from 
the cell (in the dark), current being produced , the electric energy thus 
obtained bemg equivalent to the light energy photochemically utihsed 
in the earlier process Such a cell would be a photochemical ac- 

Baur discusses the problem at greater length, but sufficient has 

been said to mdicate the prmcipal idea 

Note— It has not been possible to 
phenomenon called Solansation A very full discussion of the FoWem 
is, however, easily available to English readers m the papers of 
W D Bancroft , FAys CAem , igog-i 910 

Thermodynamics of Reversible Photo-Reactions a 

Gain in Free Energy at the Expense of the Light. 

Byk'^s Theory 

This theory was put forward by Byk {Z^itscA ElektrochemU, 14 , 
460, 1908 , ZntscA pAysik CAem , 62 , 454 . 1908) It consists ® the 
hrst instance of thermodynamical considerations, which of course, if 



432 


A SYSTEM 01 ^ PHYSICAL CHEMISTRY 


properly applied, should hold good whatever the actual mechanism of 
the process is, as long as it is reversible As regards the mechanism of 
the photochemical action, Byk considers that it may be regarded as 
essentially a rapidly alternating electrolytic process In this connection 
the significance of the work of Grotthus has been brought out in the 
very comprehensive articles by W D Bancroft, Jour Phys Chem , 12 , 
1908, on the “Electrochemistry of Light” This can at least be re- 
garded as plausible when one remembers that light itself is an electro- 
magnetic phenomenon Byk starts with the assumption that “no 
transformation of maUrial, but only of energy, is caused by the intensity 
of the incident light, z e the light energy, and that the work performed 
against chemical forces is proportional to the light energy ” We shall 
now follow out Byk's thermodynamical reasoning, taking as an in- 
stance of a reversible reaction in which work is gained the reaction — 
Anthracene ^ dianthracene m solution 
which has been investigated by Luther and Weigert In the dark the 
natural reaction, / e reaction mvolvmg decrease of free energy, is the 
depolymerisation process, viz dianthracene 2 anthracene In the 
presence of light the reverse reaction, 2 anthracene -> dianthracene, takes 
place 

Let V be the total volume of the solution, [D] and [A] the con- 
centration in gram-moles per c c of dianthracene and anthracene present 
in the solution, c the work done in tra^isforming isothermally and re- 
versibly I mole of dianthracene into 2 moles of anthracene, supposing 
each to be present at unit concentration (i mole per c c ), which, of 
course, does not represent the equilibrium state An equal and opposite 
amount of work would be done m the polymerisation process {Note 
that this work-term, hetng a thermodynamic work-term, does not mean that 
the process is, in the actual case, necessarily brought about by light No 
matter how th£ change is brought about, as long as it is done reversibly, 
the osmotic work under the conditions as regards concentration mentioned 
will be € ) Let T be the absolute temperature, and R the gas constant 
The solution is considered sufficiently dilute for the simple gas laws to 
apply Let k be the velocity-constant in the dark (depolymerisation of 
dianthracene), t the time, the total energy absorbed m unit time by 
the anthracene present m the solution, a the efficiency factor or fraction 
of unit light energy absorbed, which is turned into chemical woik 
Luther and Weigert carried out measurements of the absorption of the 
anthracene and dianthracene m phenetol solution, as well as that of the 
solvent Itself The extinction coefficient is given by the expression 



Where c represents concentration of the substance in millimoles per 
liter, I the thickness of the layer traversed by the light, Iq the initial 
intensity of the light, and I the intensity after traversing the layer / 
Me^urements by Luther and Weigert gave the following approximate 
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For phenetol ^ (icm) » o 21 

dianthracene m (i cm ) 1 milUmole per liter *021 
anthracene m (i cm ) 1 miiiimoie per hter = 056 
This calculation is made on the assumption, which can only be an 
appioximate one, that the extinction-coefhcient of a given substance is 
independent of the other substances present It will be noted that 
anthracene possesses a much greater absorption than dianthracene In 
the theoretical treatment of the subject given by Byk we take into con- 
sideration only the light absorbed by the anthracene The sensitivity 
of anthracene to light (as shown by its polymerising) is enormously 
greater than that of dianthracene, that is the efficiency factor a for 
anthracene is very great compared to that for dianthracene or phenetol 
When the total light energy absorbed by the anthracene is the part 
converted into photochemical work is aE^, the remainder being con- 
verted into heat and then dissipated 

The term € — Let us think of two very large boxes, one with 
dianthracene at concentration [D], and the other with anthracene at 
concentration [A], these two terms not representing equilibrium con- 
centration The question is, what is the work done by the system, i e 
by the chemical forces in transforming i mole of D into 2 moles of A ^ 
Suppose Ao and Do represent the equilibnum concentration values of 
the two substances in the dark Consider a large box with these sub- 
stances present 

First Step — Take i mole of D from concentration [D] to equili- 
brium concentration [Dq] 

Worlr = — r r — "P m [D] 


rs rl 

vdp =- 0 

Ji ^ J2 


RT log , 


Now let the molecule of D [at Dq] change without work into 2 mole- 
cules of A [at Aq] (the principle of the equilibrium box) 

Second Step — Then remove these 2 molecules of A from [Aq] to [A] 

Work = 2RT log 


Hence the total work of transformation (i) and (2) 


= RT log 


+ RTlog[^ 


RTlog 


^.4. RTlog 


We can write RT log 


RT log ^2, which is - RT log Ko, 

[AoJ 


where Kq is the equilibnum constant 


for the dark equilibnum 


point € has been defined as the work done m transforming i mole of 
D, at unit concentration, [i], into 2 moles of A, also at unit concentra- 
tion That IS — 

' - RT log -J- "RT ln<r 


+ RTlogM 


RTl0g!^= - RTlogKo 
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Hence the work done by the system m transforming isothermally and 
reversibly i mole of D at concentration [D] into 2 moles of A at [A], 
or vue versa, is numencally — 


€ + RT log 


[A]2 


(simply the van 't Hoff isotherm) 

When the transformation takes place m the direction of depoly- 
mensation D 2A this is the natural way along which the chemical 
lorces act Again, consider the solution having arbitraiy concentration 
terms [D] and [A], which are not equilibrium values, and expose it 
to light Either anthracene or dianthracene will be foi med, depending 
on the initial quantities of D and A respectively Suppose we start 
with a solution containing a large quantity of A and a small quantity 'of 
D, D will be formed, and the work done by the light absorbed will be, 
first, that of retransforming the amount of A which would have been 
formed from D, during the time considered, by the ordinary “ dark 
reaction which tends to take place whether the light is present or not 
Secondly, there is the work required for the formation of a fresh quantity 
of D which actually takes place (Note — ^If the relative values of [D] 
and [A] are initially such that we have overstepped the “ light equili- 
brium ” point, / e there is too much D, the light energy absorbed is 
not sufficient to compensate the “dark” reaction, and only serves to 
slow it down We are considering, however, for the sake of simplicity, 
the case in which D is actually formed ) As already seen, the work 
done by the light (in sense opposite but equal to the natural chemical 
work) in the actual production of i mole of D under the given concen- 
tration condition is — 


€ + RT log 


151 

[A]2 


If dD IS the newly-formed quantity of D in gram-moles per c c in 
the time df, the work done m the solution in time dt due to the forma- 
tion of D is — 


ViD(e + RT log 

In order to nullify the natural chemical decomposition of D which 
takes place in the dark and happens to be a monomolecular one, 
C28H20 aCuHio, the energy required is — 

+ RT log 1 

The sum of both reactions represents the total work done by the 


^ The velocity-constant must come into this term when the physical meaning 
of "k IS borne in mind, namely, the rate at which a body is decomposing per unit ot 
time, or in fact the amount of the body changed in unit time if the concentration of 
the body were kept at unity throughout V[D]^aff , therefore, is the mass of D which 
would be transformed in time dt m the dark, the concentration being [D] per c c , 
and the total volume being V c c 
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light duung time dt The quantity of light which has actually ac- 
complished this IS oSj^dt We obtain, therefore 


^^dt = V^D( € + RT log 4- 


Yk\U\dt{e + RT log 


or 




aE^ 


Y(e + RT log 


-k[D] 


(0 


This gives the rate of formation of D under the influence of light 
Byk points out that the same expression, with sign changed, is obtained 
in the case above mentioned where, even under the mfluence of light, 
the D decreased (if the system has been arbitrardy chosen so that it 
initially has too much D) In the stationary state {te the photo- 
chemical “equilibnum” pomt), under a given constant light energy at 
a given temperature, the rate of formation of D is just balanced by the 

rate of decomposition, t e ^ = o, and hence at this point 


/J[D]V^€ -h 


RT log p 


aE 


(*) 


If we denote by [D;] the concentration ofD which is in photo- 
chemical stationary state with [A] imder a light energy absorption ^Ea, 
we can write the above equation — 

Y 

and hence equation (i) may be transformed mto — 

, m. 


= /J[D](. + RTlogP) 


dD 

dt 




/e + RT log 




\e + RT log 


153, 

[Af 


^[D] 


( 3 ) 


The value of « may be obtained from equation ( 2 ) by rarrymg out 
two experiments m which stationary states are reached, the a so ute 
values of A and D diffenng m each case E* has then different values, 
ViZ E/ and E/', corresponding to the different [A] values The same 
absolute amount of hght energy E, to which the solution is exposed, is 
used m both cases, and Luther and Weigert have given a fo^ida 
which IS found to hold good between E and E* correspomtag to difler- 
ing values of [A] In this way Byk calculated £ to be 72 68 x 10 erg. 


1 The formula is — 
Ea 


mA [A] lo® 


-.E 


‘ 1*^.] 10® + ntj) [D] 10® + wphenetol ' 

where mk, me and mphenetol are the extinction 

and the solvent phenetol respectively, which can be c « mncentrahon 

factor io« comes m Byk’s paper owing to Ming P“ ‘if 

instead of millimole per litre as employed by Luther and Weigert [cf Byk. 
fhystk Chem , loc ctt , p 460) 

28^ 



436 


A SYSTEM OF PHYSICAL CHEMISTRY 


or 1 7,206 gram-calories € represents the work done in the transforma- 
tion of I mole of D 2 moles of A The work done at constant volume 
will be € - RT log 2, since RT log 2 is the osmotic work which has to 
be done to compress the system to the volume occupied by the original 
material The work done at constant volume is therefore 16,610 gram- 
calories A further control of the value of c may be obtained by using 
It to calculate the equilibrium value of A and D in the dark at equili- 
brium point, for we have already seen that — 

_ RT log 

Luther and Weigert carried out an experiment in which o 4785 gram 
of D was dissolved in 40 grams of phenetol After 30 hours^ boiling 
m the dark at 170° C no detectable quantity of D was present. The 
value of the concentration of A (produced from the D), which is therefore 
Ao, IS 5 507 X 10”® gram- mole per c c If we were to apply the above 
expression, using the known values for c and Ao, we should find that 
Do == 7 175 X 10”^® gram-mole per cc, which, of course, would be 
quite undetectable, as experiment shows 
Hence c is = i 303 x 

By means of equation (2) and the value of c we can calculate aE^ 

If now with constant light quantity E absorbed (by solution as a 
whole) and constant volume, the relation of the stationary state concen- 
tration of D and of A is investigated, then, as was first observed by 
Luther and Weigert, we find the remarkable fact that even when enough 
substance is present to make the absorption of light complete^ the ob- 
served values of the D/ concentrations at first rises (m different experi- 
ments contaming increasmg absolute quantity of A), but becomes nearly 
constant when the concentration of the A is above 200 millimoles per 
liter ^ Luther and Weigert could only explain this phenomenon upon 
the assumption of the presence of a strongly thermal absorbent inter- 


^ In the stationary state produced by light we have a state of things differing in 
principle from the equilibrium point reached in the dark owing to ordinary chemical 
attractions acting according to the Law of Mass Action Thus in the dark the 

system would so change that the value of would be constant whatever the ab 

LAoJ 

solute value of A or of D were In the stationary state, however, such is not the 

Dz 


case Even with the same incident light energy and temperature, the value of 


[A]2 


IS not at all constant, but varies with the absolute amounts of the constituents present 
The thermodynamicsd theory given is, however, in agreement with this, i e it does 
not assume that there should be a mass action equilibrium at the stationary state 
Thus at first sight one would think that the work done in taking i mole from the 
dark equilibrium point (constant « Kq) to the light equilibrium point {“ Kz ” « 

“ constant”) would be simply RT log ^ This, however, has no meaning, for Ki 


has no real significance as a constant According to Luther, a real photochemical 
equilibrium analogous to the dark equilibrium could only arise if the system at the 
same time had the same temperature as the surrounding “light jacket ” 
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mediate compound The present thermodynamical considerations alone 
aie sufficient to predict this behavioui Thus let us write equation (2), 
substituting the whole energy absorption E instead of E^, which is nearly 
true. Then — 

>^[D]v(c + RT log 

p »”a[A]iO° , X 

^a[A.]I 0® -f- mji[D]lO^ + ^^phenetol 

(For large values of A the factor multiplied on aE becomes nearly unity ) 
Employing the above equation, Byk has calculated the values of [D/], 
which for a given E ought to be in ‘‘light equilibrium '' with given values 
of [A] The following table shows the extent of the agreement found — 
[A] 10 20 40 So 120 160 240 300 400 

Calculated [D] 6 24 7 15 7 95 8 64 9 01 9 27 9 62 9 82 10 07 
Observed [03372459571780901909962957 “ 

(The values in heavy type were employed for the calculation of the 
constants.) The figure (Fig 5 6) shows these results graphically, Curve i 



being the calculated, Curve 2 being the observed values of Luther and 
Weigert It will be seen that at the higher range of A concentration 
the agreement between the observed and calculated [D] is good Af 
small [A] values the difference is greats and greater^ the less A ts present 
This cannot be accounted for on pure thermodynamic grounds at the same 
time taking a to be constant^ but^ according to Byk, on ekctromagnetic 
grounds itn opposvHon to Luther and Weigerfsvtew of heat-absorbing inter- 
mediate compounds) An important point is the practical mdependence 
of the D concentration m relation to the A concentration for high values 
of the latter, required by the thermodynamic theory and actually ob- 
tained as the table shows 

The “light equilibrium” or stationary state concentration 01 XJ 
increases in general with increasing light energy, but there is ways a 
lag This is seen to be predicted by the theory from equation (4), 
which may be rewritten — 


hV 


[A] 10 


[D] 
(^A [A] 


(,+ IlTlog^) 


10' 


[A]"; 

+ m-a [D] 10® + «»phenetol) = 


( 5 ) 
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If now E be increased «-fold, then if D also increased «-fold, the 
expression on the left-hand side would be too large, i e the equation 
would not hold, for in this we have powers of D higher than r If, 


therefore, in two expenments the light eneigy ratio is then this is 

Jjy2 

greater than the correspondmg ratio in the following table are such 

L-L*2J 

values calculated by means of equation (5), and the observed values 
obtained from Luther and Weigert’s data — 


[A] Milhmole 
per Liter 

El 

Ea 

gd Pound 

Calculated 

CD2] 

40 

I 52 I 

143 

I 

I 46 I 

40 

04 I 

37 

I 

36 I 

40 

0 9 I 

78 

I 

7 7 I 

10 

09 I 

76 

I 

73 I 


The agreement is fairly good 


Stahonary State and Temperature 


Luther and Weigert have shown that as temperature is raised the 
concentration of D falls m the stationary state, other conditions being 
maintained the same, t e — 


+ 10 


= o 34 in one expenment 

This must be carefully distinguished from the temperature effect upon 

Ko or the dark true eqmlibnum point, where D nses with rise in 

L^oJ J 
temperature. 


The Velocity of Photopolymerisation 


Considenng equation (3), we see that the factor 


IS very nearly unity, for c is a large quantity (Byk gives other considera- 
tions supporting this conclusion cf Zeitsch Elektrochem , I c , ^ 464) 
We can therefore write — 

^ = k[D,] - . (6) 

^[D] is evidently the velocity of the true monomolecular dark reaction 
of depolymerisation The term k[Di] should therefore approximately 
represent the initial velocity of polymerisation, i e at the stage when 


/ . -f RT log 
V + RTlog[^y 
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the back reaction is negligible We have seen that for small A concen- 
trations theory and expenment do not agree very well in connection 
with ^oXjo-equthbrium points, so we shall pass on to the region of larger 
[A], where the theoretical and experimental curves already given he 
close to one another In this region (cf Fig. 56, already given) the 
quantity of [Di] is almost independent of A, so that we can regard [DJ 
as a constant (b) and write — 

^ = -4^ - - 4 [D] . . . . (6a) 

at 

Writing Kz for kb^ we obtain — 

= Kj - 4 D . . . . (7) 

dt 

which has the same form as the equation found experimentally by 
Luther and Weigert for the velocity of D formation m the region of 
higher A concentration As regards the order of the polymensation 
reaction, Luther and Weigert found that it lay between o and i. Byk 
points out that this is to be expected from equation (3) (» e m equation 

(7), if the term KQ were neghgible the equation ^ = Kj is evidently 


of zero order) 

The temperature coefi&cient of the hght action, t e polymensation, 
has been found by Luther and Weigert to be very small It mcreases 
with temperature rise (i i average increase per 10“ C ) Byk shows that 
the magnitude of this effect is also to be expected, say from equation 

(6a) Expenmentally, the value of ■ * — , where >4 is, of course, the 

velocity constant in the dark = 28 (Luther and Weigert) , also 


[Di]t 


+ 10 


[D^] 


= o 34 


(Luther and Weigert), and hence for the product 
o 95, while Luther and Weigert obtamed i 1 


of the two we obtain 


1 


BjyA’s Electromagneitc Theory 

So far we have considered Byk’s thermodynamic theory, now we 
pass on to consider the electromagnetic considerations which he brought 
forward to complete the theoretical treatment of the reversible photo- 
reaction First consider the discrepanaes between the A and D 
stationary state values for the region of small A (cf Fig 56) The 
quantity of Dj actually found in this region is considerably less than the 
calculated On the basis of foregoing considerations Byk pomts out 
that this means that, with decreasing amounts of A present, a larger 
and larger fraction of the light energy is not used for photochemiral 
woik, but for other purposes — ^in all probability for heat That is, the 
efficiency factor a is not a constant, but depends on the actual amount 
of A present (We should, of course, expect a f non the term oEa to 
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decrease with A, but we have assumed hitherto that a itself is constant 
— which we can no longer consider to be the case ) To account for 
this, Byk employs the following tram of reasoning It is a well-estab- 
lished fact that the electrical resistance (of electrolytes) increases with 
decreasing concentration and temperature Now with regard to con- 
tinuous current, anthracene solutions are practically non-conductors 
To rapidly alternating current, such as light, this would not be the 
behaviour, for the charged particles present in the molecules could 
resonate and take over from the ether (which ‘‘ conducts ” the light) a 
part of the oscillating current, i e they would become conductors for 
rapidly alternating current Now, it is evidently possible from this 
standpoint that for sufficiently strong external electromagnetic forces (^ e 
great intensity of light) the vibrating charged particles in a given mole- 
cule might possess such an amplitude that they would be free^ and 
possibly come under the influence of a neighbouring molecule, which 
would thus lead to the possibility of a chemical union of the two neigh- 
bounng molecules, t e photo-polymensahon Byk cites the cases of the 
ionising of gases and the photo-electnc effects of solid surfaces (shown 
actually by anthracene itself), as well as the alteration of conductivity of 
selenium, sulphur, and silver chloride, as evidence for the loosening 
effect of light waves upon the electronic constituents of various sorts of 
molecules According to Byk, therefore, we have the temporary forma- 
tion of -1- and - ions (very similar to electrolytic ions), consisting of 
the molecules which have temporarily lost an electron and those which 
have gained one The actual process of union (polymerisation) might, 
therefore, be represented thus — 



Now we come to an important conclusion The fewer A molecules 
there are present the greater will have to be the distance traversed by 
the charged particles, before one such charged particle can come under 
the attraction of another of opposite sign, in order to allow of the possi- 
bility of polymerisation But the greater the distance throughout which 
the particles remain unneutralised the greater the acceleration which 
will be set up, and hence a larger quantity of the light energy absorbed 
(since It entails friction with the ether) will be converted into heat, and 
the quantity of light thus converted into heat will be the greater the 
further apart the A molecules are, z e the less the concentration of the 
A molecules Cf Byk, Zeitsch physik Chem ^ loc cit 482 That is, 
on electromagnetic grounds one would expect that with small A con- 
centration the fraction of the light (of constant total E) which is avail- 
able iox purely chemical work is less than in the case where the A 
molecules are more crowded That is, a should decrease with decreas- 
ing concentration of A, which fits in with the observed facts. This is, 
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of course, only qualitative agreement Byk has, however, endeavoured 
to treat it more quantitatively Thus the temperature coefficient of the 
velocity of the light reaction is of the same order as the temperature 
coefficient for the mobilities of the electrolytic 10ns The value given 
was I I, which, however, only holds for a certain narrow range of 
anthracene concentration and temperature Extreme values are o 98 
and I 51, that is the increase m velocity of the light reaction varies 
from o to 50 per cent Ionic mobilities also increase from 15-27 per 
cent for a rise of 10° C The order of magnitude is therefoie the same 
as It should be on the electromagnetic view a is therefore a function 
of temperature increasing with it on the magnetic view, since friction 
decreases as temperature uses 


Effect of Temperature on the Value of the D concentration in a Stationary 

State 

Consider equation (2) — 

^[D;]v(e + RT log^) = 

As temperature rises, a, as we have seen from the electromagnetic 
standpoint, also increases On the left-hand side the value of T like- 
wise rises, as also does the dark veloaty constant k We cannot there- 
fore say whether the ratio of tc alters or not; it may 

increase or decrease 

Weigert has shown that diminishes with rise m temperatme As 
already mentioned, this is to be clearly distinguished from the tok 
equilibrium state for which Weigert has shown experimentally tha D is 
more stable the higher the temperature, le he has shown that the dark 

equihbrmm constant (^^2) temperature. This is the same 

as saying that since — 


.--RTlogg^o. 


+ RT log 


[Do] 


c increases in virtue of the nse m T but decreases in vutue of the m- 
crease in Dq Weigert shows that — 


d log Kq ^ ^ 43^ 


iT 


T2 


and therefore that- 
d 


R 


.^(RT log Ko) = R log Ko + RT X 4^ - R log Ko + 433° 

That 13 — 


de, 

dT 


R log Ko - ^4330 



442 


A SYSTEM OF PHYSICAL CHEMISTRY 


Employing the data given by Weigert {^Ber D chsm Gesell , 42 , 85 2, 
^9°9), log Ko = - I 82 at 85° C , and hence at this temperatuie — 

^ = + 1 985 X I 82 - (approx ) 

That IS, 6 decreases as temperature rises, at least at a temperature of 
85° C With much higher temperatures it could become positive 
(This IS not pointed out either by Byk or Weigert, but the temperature 
is probably outside the limits at which the solutions could exist as 
liquid ) 

So far we have discussed the joule current heat (which, if the current 
were continuous would be C^R) and likewise the energy used for photo- 
chemical work Besides these two, there is probably a third kind of 
energy absorption which is probably of greater magnitude, namely, the 
purely thermal absorption of the system This is due to the energy con- 
sumed in the friction of the quasi-elastic vibrating bound ions (in con- 
tradistinction to the free ions, the friction of which gives the joule 
electric heat) This resonance effect determines for each single period 
of the external electromotive force [t e the light) the two optical con- 
stants of the body, namely, the refractive index and the absorption co- 
efficient The index is connected with the quasi-elastic energy of the 
vibrating ions and therefore with their amplitude The greater the 
amplitude of the resonance vibration, the greater the probability that 
the molecule will break up, that is, a greater part of the light will be 
effective in doing chemual work So it seems that the chemical effective- 
ness of a wave length will depend on whether it is much refracted or 
not Now the shortest wave lengths are most refracted, i e the system 
has the greatest refractive index for such, and hence short wave lengths, 
violet and ultra-violet, should be most photochemically active This is 
a well-established fact Further, with substances exhibiting an absorp- 
tion band for wave lengths just below the band (2 f a little longer than 
those absorbed) refraction occurs to an exceedingly great extent, such 
behaviour being called anomalous refraction The dyestuffs (optical 
sensitisers) used to sensitise plates for colours, red, yellow, or green, etc , 
to which the silver salts are not sensitive themselves, possess this pro- 
perty of anomalous refraction, which fact is likewise in agreement with 
the pnnciple that the waves which are most highly refractive are also 
most chemically active 

Note — ^The numerical values quoted in the above account of Byk’s 
theory have been criticised by Weigert {Zettsch Elekirochem , 14 , 470, 
1908) on the grounds that the choice of values for the calculation of 
the constants has been an unfortunate one According to Weigert the 
factor a is really a constant independent of temperature, cf below 

The Luther- Weigert Theory 

Weigert {putsch physik Chem , 63 , 1908) has put forward some 

thermodynamical considerations of a very similar nature to those of Byk, 
for the investigation of the same experimental case, the photo-poly 
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mensation of anthracene Aftei equating the free energy change 8 E to 
the work done m isothermally and reversibly decreasing the quantity of 
dianthracene 8 D lo a mixture of A and D, z the natural dark reaction, 
Weigert obtained- 




8 D 


whence ^ 4 : is the dark equilibrium constant = Ko 


[Ao]V 


(I) 


[Ao^] 


If we write ^ as ^ or as ^ and remembering that ^ is 


8D dD - __ 

Simply the energy absorbed per second by A, te the of thm 
the above equation becomes — 

dD aE^ 


dt 


VETflog™ 


which IS the same as Byk’s equation (i) without the term iD. At low 
temperatures, as Byk himself {Ber , 42 , H 45 . 1909) ^as pointed out, I 
IS very small, and is negligible, so that thermodynamically the two 
theories are identical Weigert has used equation (i) in the migrated 
form— 


E = VRT 


'|p](log - log Ko) 


+ ([A] + 2[D]) log [A] + [D] + constant} . . (2) 

and since for all practical purposes the definite integral between the 
dark equilibrium point and the given arbitrary dianthracene concentra- 
tion IS required, we can write this equation in the form 


E“o = VRT|[D](log - log Ko) 

+ ([A] + 2[D]) log 


[A] 


+ [D] 


( 3 ) 


[A] + 2[D] 

Further {Ber , 850, 1909), Weigert concludes as a result of ex- 


peument that ^ is a constant, as Byk had bX first assumed to he the 


case for aE*, and that therefore — 


E- 


and this is to be introduced mto the above expression mstead of E As 
already mentioned, Weigert has very carefully measured the equih- 
brium constant K, for A^i D m toluene at 85 and 105 C , and it was 
found that raising the temperature favoured the existence of dianthra- 
cene In fact, Ko could he wntten as a function of the temperature 
thus — 

log Ko = ^ 


Thp fnllnwin? are some of Weigert’s experimental results for reactions 
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exposed to light Under the given conditions o 007 calories per minute 
was the chemically active portion of the light energy, and knowing the 
value of Ko it is possible to calculate the amount of D formed in photo- 
eqmlibrium by applying equation (3) above — 




Exposure 

in 

Minutes 

Initial Con 
centration of 
Anthracene 

D Calculated 
in 

Moles/Liter 

D Found in 
MolesyLiter 

65° 

- 253 

100 

96 

193 

2 10 

75 l] 


60 

42 

I 07 

I 00, 0 91, 0 92 


- 215 

60 

97 

127 

I 29, I 20, I 24 

75°J 


100 

63 

I 84 

I 86 


- I 82 

100 

44 

I 80 

I 84, I 82, I 91, I 74, 

I 85, I 85 

85“ J 


100 

107 

2 16 

2 23, 2 19, 2 15, 2 14 

105® 

- 1 18 

100 

43 

I 92 

I 89, I 78, I 80, I 98, 





I 82, I 78 

105“ 

- i‘i8 

100 

102 

2 31 

2 30, 2 26, 2 32, 2 25, 






2 12, 2 15 


The agreement between calculated and observed values of [D] is fairly 
good 

It will be remembered that Byk pointed out that the values of [D] 
and [A] in the photo-stationary state agreed well with that calculated 
on thermodynamic grounds m the region where [A] was fairly large 
Weigert, on the other hand, has found {ZezfscA phystk Chem , 1908) that 
the agreement is good in the region of small [A] values, and suggests 
that the lack of agreement found by Byk is due to his unhappy choice 
of Weigert’s data for the calculation of the constants in the formula 
Weigert in the 1908 paper, therefore sees no necessity for introducing, 
as Byk has done, an electromagnetic (or, indeed, any other) explanation 
for this discrepancy Whether there is a discrepancy or not must remain 
open at this stage In his 1909 paper, however, Weigert again brings 
m the intermediate compound hypothesis It should be remembered 
in this connection that an important fact, to which we have already 
referred, is made certain by Weigert^s experiments, namely, that the con- 
centration of D increases on adding more A, even when the amount of 
A already present is such that the light is completely absorbed, prior to 
the further addition of A being made As Byk has pointed out, the 
thermodynamical theory (which was worked out independently and 
practically simultaneously by Byk and Weigert^) is not sufficient to 

^ It IS not proposed here to discuss the relative merits of the contributions of each 
of these investigators to the subject of photochemistry It is only fair to point out, 
however, that foi all the experimental results we are indebted to Weigert, either 
alone or m collaboration with Luther. 

















REVERSIBLE PHOTO-REACTIONS 445 

explain this Weigert and Luther suggested in 1908 {Zettsch phystk 
Chem , 63 , 408, seq , 1908) a chemical explanation of the fact that when 
the strength and thickness of the solution was such that the light absorp- 
tion was nearly complete they found experimentally that, on further 
addition of anthracene, there was a still furthei increase in the dianthra- 
cene at the stationary state concentration So that, for example, in an 
anthracene solution containing 20 millimoles per liter, the concentration 
of A in the photo-stationary state was only 50 per cent of the maximal 
amount (which could be realised if a large quantity of anthracene were 
present), whilst at the same time the light absorption was practically 
100 per cent in both cases It is, therefore, necessary to distinguish 
between chemically and thermally absorbed light, for in the above 
instance only 50 per cent of the light was photo-productive Further, 
they brought out the very important fact that the absorption of the D and 
solvent present could not account for such a great absorption, so that they 
assume the existence of one, or more, strongly thermally absorbent substances 
produced from the A and which might be called Di, which substance 
in turn can break down to give dianthracene 

A rise in temperature, according to the Le Chatelier-van ’t Hoflf 
principle, will favour the production of heat-absorbing substances — 
that IS, of the hypothetical substance referred to — and therefore the rate 
of production of dianthracene will be favoured by nse of temperature, 
though It has been shown that the stationary state quantity D; is actually 
diminished The effect of temperature in thus altering the effectiveness 
of the light comes into the thermodynamical expression involving oE^, 
which cannot be regarded as a constant mdependent of temperature and 
concentration We thus have to regard the expression a as a variable 
(either on the basis of Byk's electromagnetic theory or Weigert's inter- 
mediate compound theory), in order to make the thermodynamic ex- 
pression fit the facts At present it would be useless to attempt to 
decide between these two opposing theones while the problem is still 
only m its early stages 
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“ Equilibrium box,” 103 seq 


Equilibrium constant with tempeiature, 
variation of See van 't Hoff iso 
chore 

— constants of a gaseous reaction, the 

two, 1 16 seq 

of a reaction m solution with ex- 
ternal pressure, variation of the, 
138 seq 

Eutectic point, 281 
Expansion, adiabatic, 31, 

— isothermal, 31 

— latent heat of See Latent heat 
External work See Mechanical work 

Ferric chloride- water system, 293 seq 
First law of thermodynamics See 
Thermodynamics 
Fluorescence, 406 seq 
Freedom, degree of, 258, 261 
Free energy, 12 seq , 339 seq 

criterion of equilibrium, 88 seq 

Full radiator, 401 

Fusion, free and total energy of, 376 

Gas cells from thermal data, calculation 
of the e m f of, 393 seq 

— electrodes, 168 

— perfect See Perfect gas 
Gibbs-Helmholtz equation, 29, 365 seq , 

369 

Gravity cells See Centrifugal cells 

Half-element See Electrode, stan 
dard 

Heat effect, 5 seq , 113 seq 

— latent See Latent heat 

— of a reaction with temperature, varia- 

tion of, 18 seq 

— specific See Specific heat 

— theorem of Nernst See Nernst’s heat 

theorem 

Henry’s law, 12 1 

Hydrolysis ofsalts by membranes, 313 seq 

electrometric determination of, 

180 seq 

Ice, modifications of, 270 seq 

— rcgelation of See Regelation 
Ideal solution, 190 seq 

Induction period (photochemical), 414. 
Internal energy See Energy, internal 
Intrinsic pressure and solvent pressure, 
193 seq 

Inversion points of a gas, 70 seq 
Iodine vapour, dissociation of, 390 
Ionisation See Electrolytic dissociation 
Irreversible process, 17 seq 
Isochore of van ’t Hoff See van ’t Hoff 
isochore 

Isotherm of van ’t Hoff See van ’t Hoff 
isotherm 
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Isothermal compression See Compres- 
sion 

— distillation, 13 seq 

— expansion See Expansion. 

— process, 6 seq 

Joule experiment, 42 seq 
Joule's equivalent See Mechanical equi- 
valent of heat 

— law, 42 seq , 65 seq 

Kirchhoff’s equation See Heat of a 
reaction 

j^ATENT heat, 6, 31 seq , 50 seq 

of vaporisation, ^2. seq , 74 seq ^ Si 

seq 

Law of mass action See Mass action 

— of thermodynamics, first See Ther- 

modynamics 

second Thermodynamics 

Le Chatelier and Braun, principle of See 
Mobile equilibrium 
Light, pressure of See Pressure 
Liquefaction of gases, 68 seq 
Liquid crystals, 289 seq 

— potential See Contact potential 
Lowering of solubility of one liquid m 

another owing to presence of solute, 
128 

Luminescence, 398, 406 seq 

Mass action, thermodynamic deduction 
of the law of, 103 seq , ir8 seq 
Maximum osmotic work, 10 seq 

— work, 6 seq , 13 seq , 27 seq , 106 seq 
Mechanical equivalent of heat, 4 seq 

— work, 3 seq , 5, 23, 30 

Melting point, effect of pressure upon, 
33 

of stable and unstable forms, 96 

seq 

Membrane equilibria, Donnan’s theory of, 
309 seq 

— hydrolysis of a salt by means of a, 

313 seq 

«< — potential,*’ 320 seq, 

Membranes, 200 seq 

Micelle theory of colloidal electrolytes, 

325-338 

“ Mobile equilibrium,*’ principle of, 109 
seq , 137 seq , 258 seq 
Molecular weight of dissolved substances, 
^3^ seq , 330 seq 
Monotropy, 297 

Nernst’s distribution law See Dis- 
tribution law 
^ heat theorem, 368 seq 

and gaseous equilibria, 382 seq 

Non-ideal solutions, 198 seq, 
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Non-polansable electrode, 176 seq 
Normal potential, 363 

ONE-component systems, 268 seq 
Osmotic pressure, 124, 187 seq , 209 seq 

and lowering of vapour pressure (of 

a dilute solution) 126 seq , 
194 seq , 242 seq , 326 

of the freezing point of a 

solution, 130 seq , 206, 225 
seq 

rise of the boiling point of a 

solution, 128 seq 

law of, 122 

mechanism of, 187 seq 

of concentrated solutions, 239 seq 

and lowering of vapour 

pressure, 242 seq 

of colloidal solutions, 312, 316 seq 

of 10ns and of undissociated mole 

cules, 209, 220 seq 

of 10ns and of undissociated mole 

cules in relation to reaction 
velocity, 215 

standard conditions of measure- 
ment of, 252 

with hydrostatic pressure, variation 

of, 214 

— theory of concentiation cells See 

Concentration cells, Nernst’s theory 
of 

— work See Maximum osmotic work 
Oxidation process See under Affinity 

Perfect gas, internal energy of, 20 seq 

thermodynamical definition of, 20 

seq , 42 seq , 52, 58 seq*, 62, 69 
Phase rule, 257 seq 

definition of, 263 

Phosphorescence, 406 seq 
Phosphorus, the varieties of, 300 seq 
Photo-catalytic reactions, 412 seq 
Photochemical after-effects, 417 

— processes, 397 seq , 408 seq 

electromagnetic theory of, 439 seq 

— . — thermodynamics of See Thermo 
dynamics of photochemical pro- 
cesses 

— reactions, reversible, 411, 418 seq , 428, 

431 seq 

Photo-decomposition of water vapour, 
420 seq 

Photo-kinetics, 409 seq , 438 seq 
Photo stationary state, 410, 418 seq , 421 
seq , 434, 436, 438, 441, 444 seq 
Photo- voltaic cells, 424 seq 
Polarisable electrode, 176 
Porous plug experiment, 64 seq , 70 seq 
Potential contact See Contact potential 

— difference (P D ), single (of an el^C 

trode), 145 seq 
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Potential normal to Normal potential 
Pressure, dissociation See Dissociation 
pressure 

— of radiation (light), 401 

Principle of maximum work See Berthe- 
lot’s principle 
Protein solutions, 337. 

Radiation, laws of temperature, 400 seq 
Radiators (vibrators), 397 seq 
Ramsay Young equation of state, 60 seq 
Rayleigh’s radiation law, 405 
Reaction velocity and osmotic behaviour, 
215 seq 

Reactions involving an increase in free 
energy, 368 seq ,411, 418 
Reduced equation of state, 70 
Reduction proce s See Affinity of oxida- 
tion and reduction processes 
Regelation phenomenon, 34 
Reversible photo-reactions See Photo- 
chemical reactions. 

— process, thermodynamically, 7 seq , 

13 seq , 30 seq , 103 seq 

Saturated steam, thermal properties of, 
83 seq 

— vapour, 72 seq 

Second law of thermodynamics See 
Thermodynamics 
Sensitisation, chemical, 412 

— optical, 415 seq 
Soap solution, 325-338 

Sodium sulphate water system, 290 seq 
Solid solutions, 283 seq 
Solubility of a salt, electrometric deter- 
mination of the, 177 seq 
i — of stable and unstable forms, 95, 99. 

— retrograde, 290 

Solution, ideal See Ideal solution 

— pressure (of an electrode), 146 seq 
Solutions, concentrated. See Concen- 
trated solutions. 

— dilute See Dilute solutions 

— of any concentration, theory of com 

pressible, 244 seq 

Specific heat, 18 seq , 41 seq , 53 seq , 62 ! 

m » 84, 375, 378 
Stable and unstable forms, 88 seq 
Standard electrodes See Electrodes 
State, continuity of See Continuity 

— equations of, 58 
Stefan’s law, 401 

Sulphur, different forms of, 276 seq , 297 
374- 

SmfRce films, 308 seq 


Tanning, theory of vegetable, 237, 322 
seq 

Temperature radiation, 397 seq , 400 seq 
Thermal analysis, 276 seq , 281 
Thermodynamic criteria of equilibrium, 
Chap IV 

— potential, 91, lor seq , 264 seq 
Thermodynamical cycles. See Cycles 

— definition of a perfect gas See Per- 

fect gas 

Thermodynamics, first law of, 2 seq , 41 
seq , 43 seq 

— second law of, 24 seq , 44 seq 

— of photochemical processes, 431 seq, 

442 seq» 

Thermoluminescence, 406 seq 
Tin, allotropic modifications of, 97 seq , 
280 

Total energy See Energy, internal 
Transformation of allotropic solids See 
Allotropic solids 
Transition point, 93, 296 seq 
Transport numbers of 10ns, 153, 156, 161 
seq , 184, 186. 

Triboluminescence, 406 seq 
Triple point, 270 seq , 275, 279 
Trouton’s law, 75 seq 
Two component systems, 281 seq 

Unary substance, 299 

Valency of 10ns, electrometric deter 
mination of, 179 

Van der Waals’ equation, 59 seq , 62 seq , 
7o» 73 

Van ’t Hoff isochore, in seq , 135 seq , 

384 

isotherm, 106 seq , 343 seq , 346 

seq , 354. 357, 383, 392, 434 
Vaporisation, work done in, 9, 14 seq , 52 
seq 

Vapour pressure, effect of external pres 
sure upon, 34 , 249 seq 

over stable and unstable forms, 94 

seq , 269 seq 

Virtual work, principle of, 88, 147 
Voltaic cells consisting of pure liquid or 
solid substances, 380 seq 

Water vapour, photo decomposition of 
to Photo decomposition 

thermal dissociation, 387 

Wien’s radiation law, 404 

Work, external See Mechanical work 

— maximum See Maximum work 
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